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Summary

Overview: This report is focused on studies directed at revealing
the multileveled regulation of the human genes coding for
cholinesterases (ChEs), their mRNA and protein products and their in

vivo mode of expressicn and alteration. ChtEs present an intriguing
diversity of molecular structures, cellular localizaticns, and possibly
functions. Besides their intrinsic physiological impertance as

acetylcholine-hydrolyzing enzymes, ChEs constitute a privileged model
for exploring a variety of genetic, transcriptional and post-
transcriptional mechanisms generating a complex array of molecular
structures. During the recent 18 monthis we have ccmbined various
approaches to study this interesting gene family, as is summarized in
the following.

Molecular cloning of human acetylcholinesterase cDNA from various
tissue origins: To isolate the <cDNAs encoding human nervous system
acetylcholinesterase (AChE), oligodeoxynuclectide probes were
synthesized according to the amino acid sequences in evolutionarily
conserved and divergent peptides from electric fish AChE as compared
with parallel regions in human butyrylcholinesterase (BuChE), isclated
under previous contracts. Comparative screening of ¢DNA libraries from
fetal human basal brain nuclei, brainstem, liver and muscle resulted in
the isolation of several cDNA clc .es encoding a polypeptide with >50%
homologies to both Torpedo AChE and human EuChE, strongly suggesting
that it is human AChE. DNA sequencing displayed a limited nucleotide
seguence cinilarity with BuChECDNA. AChEcCDNA, isclated under the
present contract, was relatively abundant in the basal brain nuclei
library, wher=as BuChEcDNA was found to be more abundant in liver. DNA
blot hybridization has further shown that AChEcDNA hybridizes with a
limited number of human gencomic DNA frague:ts, different from those
hybridizing with BuChEcDNA. These findings suggest that in humans, the
highly homologcus AChE and BuChE are encoded by different genomic
ceqguences, each of which might be subjected to distinct tissue-specifi
regulatory signals.

Similar butyrylcholinesterase mRNA transcripts in fetal and adult
liver: Screening of <¢DNA libraries from adult liver and lymphocytes
resulted in the 1isolation of 2500-nuclectide-long cDNA clones which,
when seguenced, were found to be identical with the previously icolated
clones from fetal brain and liver origins. This analysis dercnstrated
that a similar mechaniem of post-transcriptional prccessing leads to
the production of active bhutyrylcholiresterace in fetal end adult
liver, as well as in lymghocytes, &nd cstrengly suggested that a single
gene codes for this enzyme in fetal and zinlt tiscuec.

Post-translational regulation: To examine the involvement of
ticsue-specific elements in the processing and compartmentalization of
the ubiquitous, polymorphic ChE proteing, the exprescsion of EBuChE was
@nalyzed in Xenopus oocytes microinjected with cynthetic BuChEmRRA
alcne and in combination with tissue-extracted =mRiAs. When injected
alone, BuChEmRNA efficiently directed the synthesis of primarily
dimeric molecules which fcrmed small membrane-associated accumulations
principally localized on the external curface of the ococyte's animal
pcle. Co-injection with brain or muscle =RNA generated additional
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ross-immunoreactivity of nascent peptides: n crder to study the
polymocrphism of human ChREs at the levels of primary seguence and three-
dimensional structure, a fragment of human BuChECDNA was subcloned
into the pEX bacterial expressicn vector and its polypeptide product
was analyzed. Immunoblot analysis reveaied that the clone-produced
BuChE peptides interact specificz2lly with antibodies against human and
Terpedo AChE. Rabbit polyclonal antikedies prepared against the
purified clone-produced BuChE pclypeptides interacted in immunoblots
with denatured serum BuChE as well as with purified and denatured
erythrocyte AChE. In contrast, native BuChE tetramers from human serum,
but not AChE dimers from ervthrocytes, interacted with these antibodies
in solution to produce antibody-enzyme complexes which could be
preripitated by sernnd antihodies and which sedimented faster than the
rative enzyme in sucrose gradient centrifugaticn. Furthermore, both
AThE and BuChE dimers from rnuscle extracts, but not BuChE tetramers
from muscle, interacted with these antibodies.

Autoimmune response in hyperthyreidism: The nature of the putative
autcantigen in Graves' ophthalmopa.hy 'GO) re-ains an enigma but the
sequence homology between thyroglcbulin (Tg) and ChE provides a
rationale for epitopes which are cormmon to the thyreid gland and the
eye orbit. Using recombinant human BuChE polypeptides representing the
region presenting high homology with Tg and conventionally prepared
human Tg 1in scdium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS~PAGE), we have demonstrated the binding of rabbit and human
entibodies to Tg &and rabbit anti-cloned BuChE to both proteins.
Subseguently immunoglobulins (Igs) from 7/9 patients were chown to kind
to the ChE proteins in dot Dblot nd electrephoretic protein blot

voer‘meﬂ s in which 5 ncrmal IgGs were negative. This was confirmed by
i situ immunolocalization in which Igs from 6 CO patients tested were
chewn to bind to end plate regions of human fetal muscle fibers which
were concurrently shown to be cytochemically rich in ChE activity; 3
normal Igs did not blﬁd The results demonstrate that cross-reactivity
between antibodies Tg and ChE exists in vivo and that Igs from GO
ratients centain antibodies which bind to Chis. These findings m=av bear
nificance i: ._he pathocenesis cf GO.

4.

Exprescion or cholinestersase genes in human oocvtes revealed by
in-~situ hybridization: Transciptional activity of the human ChE genes
was examined in deve’oping oocytes frem rature ovaries by in-situ
hybridizaticn cmbined with biochemical acetylcheline hydrelysis
reasurements. hlgh levels of SuChEmRNA cculd be detected in occytes
from primordial, piec-antral and antral follicles but not in atretic
follicles, with trensient enhancement at the pre-antral stesge. In view
cf the very limited sequence homology between BuChEcINA and ACHECDNA,
this analysis reflects cselective producticn of BuChEmRNA transcripts in
the cdeveloping cocytes. Our flndingc suggecst that cholinergic respenses
may function in human cocytes independently of the surrounding
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follicular cells, and the pronounced synthesic ¢f BuChEmRNA transcripts
in oocytes suggests that the ChE genes in humans are particularly good
candidates for the formation and re-incertion of inheritably amplified
ChE genes.

Gene amplification: Mammalian cell cultures and tumer tissues
often acgquire resistance to drugs or inhibitors by selection of cells
with inheritable amplified genes encoding the target protein of these
agents. Well —known exarmples are the amplified dihydrofolate reductase,
Na,K-ATPase and ribonucleotide reductase genes, conferring resistance
to methotrexate, ouabain or hydroxyurea, respectively. Numerous DNA
amplification events were found in primary and metastatic turnors and in
established cell lines, but not in whole animals or in humans. During
the course of this work, we found a de novo 100-fold amplification of
a genomic DNA fragment hybridizing with BuChEcDNA and localized it onto
the long arm of chromosome No. 3. The amplification occurred in an
individual wunder prolonged cuposure to crganophosphorous insecticides
who displays an unusual serum BuChE phenotype. A similar amplification
was found in a son of this individual. These findings present a novel
example of an inheritable amplification within an autosomal gene in
apparently healthy individuals and imply that the freguent use of
crganophosphorous poisons may have long-term inheritable consequences
in humans. “

Co-amplification of human acetylcholinesterase and butyryl-
cholinesterase genes in blood cells: 1In order to study the yet unknown
role of the ubiquitous family of ChEs in developing blood cells, AChE-
¢DNA and BuChEcDNA were used in blot hybridization with peripheral
blood DNA from various leukemic patients. Hybridization signals
intensified 10-200 =fold and modified restriction rpatterns were
observed with both ¢CNA probes in 4 out of the 16 leukemia DNA
preparations examined. These reflected the amplification of the
cerresponding ACHE and CHE genes, encoding RChE and BuChE,
respectively, and alteration in their structures. Parallel analysis of
30 control samples revealed non-polymorphic, much weaker hybridization
signals for each of the probes. In view of previous reports on the
effect cf acetylcholine analogues and ChE inhibitors in the induction
cf megakaryocytopoiesis and production of platelets in the mouse, we
further searched for such phencmena in non-leukemic patients with
platelet preducticn dicorders. Amplifications of both ACHE and CHE
genes were found in 2 of the 4 patients so far examined. Pronounced co-
egmplification of these two related but distinct genes in correlation
with pathological procduction of blood cells =uggests a functional role
for members of the ChE family in megakaryocytcopoiesis, and raises the
cuestion whether the co-amplification of these genes could be causally
involved in the eticlogy of hemocytopoietic dicsorders.




Page iv .

FCREWORD

Cpirnions, interpretations, conclusions and recommendations are those of
the author and are not necessarily endorsed by_the US Army.

Where copyrighte? material is quoted, permiccion has been obtained
to use such material.

wnere material <from documents designated for limited distributiocn
is guoted, permission had been obtained to use the material.

X Citations of commercial organizations and trade names in this
report do not constitute an coffical Department of Army endorsement or
approval of the products or services of these organizations.

X In conducting research using animals, the investigator(s) adhered
to the "Guide for the Care and Use of Laboratory Animals," prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Resources, National Research Council (NIH Publication No.
86-23, Revised 1985).

X For the protecticn of human subjects, the investigator(s) adhered
to policies of zpplicable Federal Law 45CFR46.
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I.In*roduction: Multileveled regulation of the human cholinesterase
genes and their protein products

I.1. Overview and general significance

The fami:v of cholinesterases (ChEs) has been the subject of intensive
resea~ * for five decades, with a continucus increase in the number of
stu“._s being focused on this family of enzymes as well as in their
c-ope and diversity. At the biochemnical 1level, ChEs are highly
polymorphic carboxylesterases of broad substrate specificity. It has
been assumed for a long time that ChEs are involved in the termination
of rreurotransmission in cholinergic synapses and neurcnuscular
junctions. According to the accepted classification of enzymes, ChEs
belong to the B type carboxylesterases on the basis of their
sensitivity to inhibition by organophosphorous (OP) poisons (1). ChEs
are primarily classified into acetylcholinesterase (AChE, acetylcholine
acetyl hydrolase, EC 3.1.1.7) and butyrylchelinesterase {BuChE,
acylcholine acylhydrolase, EC 3.1.1.8) (2), according to their
substrate cpecificities and sensitivities to selective inhibitors
Eowever, the complete scheme is much more complex. Further
classificaticns of ChEs are based on their electrical <charges, their
levels of hydrophokicity, the extents and modes of their interactions
with membrane or extracellular structures and, last but not lezst, the
rultisubunit association of catalvtic and non-catalytic "tail" subunits
ccnposing together the biologically active ChE molecules (3-5).

Numerous studies over the years have indicated that the severe
clinical symptoms resulting from intoxication by OP agents (6) are
caused by their wvery tight, irreversible inhibitory interaction with
ChEs (7,8). OPs are cubstrate analogues to ChEs, which display
impressive cdissociation ccnstants with their catalytic subunitg, The
labeled CP diisopropylfluorophosphate (DFP) was shown to bind
ccvalently to the serine residue at the active esteratic B site region
of ChEs, which is commen to all of the carboxylesterases (9,10). This
property has been used in research aimed at protein-seguencing studies.
The binding and inactivation capacities of OPs on ChEs are considerably
h:gher than their effects on other serine hydrolases. Furthermore, even
within cpecies the inhibition of specific ChEs by different OPs tends
to be highly selective to particular ChE types (11). In crder to
improve the designing of therapeutic and/or prophylactic drugs to the
chort- and lcng-term effects of CP intoxicaticn, it 1is therefore
desirable to reveal and compare the primary amino acid seguence and
three-cdirenciconal structure of all of the mexbers bLelonging to this
enzyme family, as well as to the homologous domains in other serine
hydrolacses. Elucidation of these seguences and their interactions
within the ChF molecule and with other elements can deepen the

C

D:
acid recidues involved in this functioning. This has therefore been cne
cf the rmain directicns cf our research. In the following, we report
the analysis of cseguence similarities between human AChE and related
proteins, based on rmelecular clening, DNA  seqguencing and computer
analysis c¢f the derived cequences. This analysis revealed, within the
reriod covered by this report, quite unexpectedly, that the cDNA
seguences encoding AChE and BuChE do not display a high seguence
femelegy, 1n spite of the concsiderable cimilarity between the protein

cequences erncoced by theze two cONAs.
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I.2. Molecular form heterogencity in cholinesterases

"hEs constitute a family of carboxylecst
cf wvhich catalyze the hydrolysis of cholirne e
rates. The localizatsion of such enzyrmes at che
scetylcholine (ACh) is released and must be ra ,
expected. The enzyme present and centrated at the neurcmu
junction (12,13), AChE exhibits a high affinity f
neurotransmitter ACh and is nzmed after this a
acetylcholinesterase. In addition to ACRE t heas been demoncstrea
that a high activity of butyrylcholine- rolyzing enzyme was presen
both in the serum (14) and in chol ¢ cynapses (15). i
enzyme, named butyrylcholinesterase (BuChE S also expressed in
many additional cell types, includin multiple types of embryonic
and tumor cells as well as hepatocytes, muscle fibers,
endcthelial cells and lymphocytes (1€). The role of this en
in all of these sites is completely unknown. In addition to ACh,
1s capable of hydrolyzing chemically related substrates such
succicurarium, various local anecthetics based cn cholire
cnd related compounds (1,17).
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In the seventies, different g
the molecular polymorphism of both 2
using a variety of biochemical technicg
from this series of studies.

a) The various glcbular nmolecular fcrms of ACh:
include the mencreric, the di ¢ and th e tetranmer
catalytic subunits and are principa t
alone.

b) The group defined as '"asymmetric" molecular forms of AChEs
includes one tripie-helicel, «ccllzgen —7ine non-catalytic “ta:l"

C

,
subunit asscociated with ore, two or thre atalytic tetramers. Th
ccllagen-like "tail" consists cf long (50 nm) fibrillary peptides,
rich in proline and hydroxyprolin ecsidues (20), and 1is generally
aecumed to serve as an attachment of its associated tetramers teo sclid
rmatrix, for excmple,thct of the extracellular basal larina. The <canme
recearch g*oups were also able to demcnstrate the physical buildup of

thece enzyme at the electrcn microscopic 1level, =supporting the
hypothesis of attachment through the non-catalytic "tail" sgubun:its. The
above model corresponds prirarily to the molecular fcrms of AChEs

ohrerved in the electric fiches, narely Torpedo wmarmcrata end th

electric eel Electrophorus electricus (27). The electric crgan of
thece fiches exhibits wvery high corcentratiens of beth the nicotinic
RCh receptor and of AChE, which 1is why it served as a hichly
appropriate mecdel system for cstudies cirected at these =molecules

However, 1t cheould be nected that +the cedimentaticn coefficients
cheerved for the enzyme i incects, amvhibians (22), avians (23), and
rammals (15,24,25) indicate different mclecular weights and/eor distinct
compositions of catalytic and ncn-catalytic subunits frem  these
rrevioucsly reported for the Torpedo enzyvre.

In addition to AChEs, the abcve rolel can be appli e
molecular ferms of BuChE, which have very cir\ilar structures and
sedimentation coefficients as ~crorared with AChE (26,27).
Fecently, a new type of enczyme was described, in emkryonic chicken

ed for th
r
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cells, which contains hybrid tetramers associating two dimers of
BuChE with two others composed of AchE subunits (28). This adds a new
dimension to the accepted scheme of molecular forms; It also increases
the expected level of complexity orf molecular polymorphism to be
searched for in this enzyme family. -

In addition tn the different compositions c¢f subunits, the

molecular polymorphism generally corresponds to different
developmental alterations, tissue specificities, and subcellular
localizations. . The enzyme can be either soluble in the cytoplasm,

bound to membrane structures or associated with the extracellular
matrix material, all according to its tissue eorigin, and the mechanisms
responsible for this complex heterogeneity have not been pursued so
far.

It has been demonstrated that the moncmeric and dimeric forms of
AChEs are generally bound to the plasmatic membrane (29) or to the
endoplasmic reticulum, through a phospholipid 1link which binds a
hydrophobic domain of the protein (30-32). In addition, the same
molecular forms of the enzyme are present as cytoplasmic soluble
proteins. The higher oligomeric forms, which mainly appear as
ectoenzymes, are bound to the plasmatic membrane through a highly
hydrophobic 20-kDa subunit composed of lipid components that has been
found in the bovine brain {33). The tetrameric enzyme can also be low

salt soluble as in the cerebrospinal fluid, where it 1is the major
AChE form, and in the serum, where the soluble BuChE tetramer is
predominant. Nothing is known as yet regarding the mode of attachment

of BuChE catalytic subunits to solid support.

The asymmetrical forms of AChE are assumed to be associated with
the fibrillar molecules of the basal lamina (15,34) through numerous
ionic bonds. This assumption is supported by the observation that
these tailed forms become soluble at high ionic strength (e.g., 1M
NaCl or 0.5 MgCl®-) and may be dissociated from their solid support
and kept in solution. A small proportion (ca 20%) of the asymmetrical
form remains cssociated to lipidic membranes even in the presence of
salt and may be solubilized by the addition of detergent (32). Several
extensive reviews of the molecular forms' heterogeneity in ChEs have
appeared (2,35,36).

In humans, the ChEs in different tissues also exhibit a high
degree of polymorphism, as each expresses a different pattern of
molecular forms. In the liver, the monomeric and dimeric forms
of BuChE are detectable and predominant (Soreq et al., unpublished
data). The external csurface of the red cell has long been known to be
extremely rich in the AChE dimeric form (37), and to a lesser extent in
the monomeric form (38). In the human fetal brain, the main form is a

membrane-bound, amphiphilic tetrameric AChE (25). This form
represents about 90% of the total activity, excluding the serum
activity. It is in majority bound to the external surface of the
neurons. A small amount cf 168 has been detected, but it
represents only 1-2% of the activity (39). BuChE (40), mair.y as
tetramer, has also been demonstrated (25). The cerebro-spinal fluid is
very rich in scluble 10S tetrameric AChE, which 1is probably
secreted by the neurons (41). In the spinal cord the amphiphilic 10S

AChE tetramer is predominant (Dreyfus et al., unpublished data).
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In the neurons of the peripheral autonomous nervous system,
all the molecular forms of both AChE and BuChE are nore or less

detectable (42). This is also the case in the muscle fiber, where the
cholinesterases are mainly concentrated at the neuromuscular
junction (15) and at the myotendinous junctions. -

I.3. Microinjected Xenopus oocytes as a heterologous expression system
to study cholinesterase biosynthesis

Xenopus laevis cocytes have proven a valuable in vivo expression
system for the production of a variety of biologically active membrane
proteins from synthetic and tissue-derived mRNAS (47). Proteins
recently studied in the oocyte system include the ACL receptor
(48,49), peptide and amino acid neurotransmitter receptors (50), and

various channel proteins (51). In advanced studies, Xenopus
oocytes have been used in conjunction with site-directed
mutagenesis to investigate structure-function relationships in

specific polypeptides.

In order to approach the molecular mechanisms wunderlying the
biogenesis of ChE's, a full=length cDNA clone coding for human BuChE
(43) was subcloned, during the period covered by this report, into the
SP6 transcription vector (44). Synthetic polyadenylated BuChEmRNA
was transcribed in vitro and microinjected into Xenopus oocytes, where
the translation of tissue-extracted ChEmRNAs has previously been
demonstrated (45,46). Co-injection of the synthetic BuChEmRNA with
total poly(A)* RNA from brain and muscle was then employed to
examine the involvement of additional tissue-specific factors in the
assembly and compartmentalization of the enzyme in the cocytes.

I.4. The use of genetic engineering to re-examine the immunochemical
cross-reactivity of anti-cholinesterase antibodies

Previcus attempts to reveal the melecular origin for the
heterogeneity of ChEs were based c¢n the elicitation of polyclonal
and monoclonal antibodies against minute quantities of highly
purified AChE, prepared from the electric orcan of Torpedo (52-54),

brain tissue (55-57) or red blood cell rmermkranes (58-60). The
antibodies produced interacted with all of the melecular forms
of either AChE or BuChE. However, antibodies elicited against
AChE did not cross-react with BuChE and vice versa (55,60,61). This
was generally interpreted to indicate seguence
dissimilarities between AChE and BuChE (62). On the other hand,
monoclonal antibodies with significant cross-reactivity have been seen
by at least one grcup (53). Also, recent ¢cDNA cloning (43,62)

revealed 53% homology between the amino acid seguence of the human
serum enzyme and that of Torpedo AChE (63) 1including several
identical regions of at least 10 successgive amino acid residues.
This strongly suggests a common ancestral origin for the two
enzymes, which could indicate that the lack of immunological cross-
reactivity between AChE and BuChE is not due to a lack of
sufficient homology but reflects structural differences. For
exanple, distinct folding patterns of the peclypeptide chains
could mask homeclogous regiens, or particular alycosylation chains

o
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could have the same effect. Another possibility is that the
homologous regions are those demonstrating 1low immunogenicity. To
examine these possibilities, one would need to elicit antibodies
against specific regions of the nascent polypeptide chain that show
the greatest homology between various classes of ChEs, or which
display low immunogenicity.

For this purpose, the N-terminal part of the human BuChE protein,
which displays the highest sequence homology to Torpedo AChE (amino

acid residues 1-198, see ref. 5), was produced in bacteria from an
DNA plasmid containing 760 nucleotides from the cloned BuChECDNA.
Antibodies were elicited against this polypeptide and were

shown to cross-interact with specific molecular forms of both AChE and
BuChE from various human tissues.

I.5. The putative cross-reactivity between antibodies to thyroglobulin
and cholinesterases and its clinical implications

Several studies (64,65), have implied that thyroglobulin
(Tg), or an immunogenically Tg-like protein, may be the antigen

common to both proteins from thyroid and eye orbit. Furthermore,
there 1is evidence that the protein eliciting an immunological response
in the orbit muscle is not Tg itself (66). Recent molecular cloning

studies revealed a significant homology between the carboxyl terminal
of Tg and the N-terminal half of Torpedo AChE (63) and human BuChE
(43). Furthermore, a comparison of their hydropathy profiles (5)
and the ccnservation of cysteine residues involved in disulphide bonds
(67,68) suggests that the two proteins may assume a similar tertiary

structure and nmay share common stereo-epitopes. It has been
proposed that this homology may explain some pathological symptoms
observed in the Graves' ophthalmopathy (GO) (69), including the
lymphocytic infiltration seen in the extra-ocular muscles. To
test this hypothesis, we have investigated the possibility of
cross-reactivity between a&antibodies to thyroglobulin and ChE. For

this purpcse, Ias from patients suffering from GO were interacted with
polyclonal antibodies to both proteins in dot blots and protein
electrophoretic blots in which the N-terminal part of recombinant
human ChE, which displays particularly high homology to Tg, was
compared with the conventionally prepared human Tg. In situ studies
have further been performed to determine whether patients' Igs would
bind to endplate regions of muscle, which are rich in ChE
activity, as demcnstrated cytochemically.

I.6. Expression of cholinesterase genes in human oocytes approached by
in situ hybridization

The involvement of cholinergic mechanisms in ococyte growth and
rnaturation (47,70,71) and sperm-egg interaction (7) has been a subject

of contention. Kuscarinic ACh receptors were detected in the cell
membranes of oocytes of mouse (70), monkey, rabbit and man (72) and
Xer.cpus (73,74), where ACh-induced signal responses regulate the
wetabolism of phespheinositides and mobilization of intracellular
calcium dicns (75). ACh, found in mammalian sperm cells, induces

polyspermy in sea-urchin eggs (71), whereas the cholinergic antagonist
3-guinuclidinylbenzilate (QNB) prevents fertilization in mouse (76).
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Finally, the ACh-hydrolyzing enzyme, AChE, which terminates ACh
responses, was detected in Xenopus cocytes (45,47,77). However,
biochemical determinations could not reveal whether AChE is synthesized
in the oocyte itself or in surrounding cells (77). This issue is
irpertant for human in-vitro fertilization (78), which might involve
cholinergic processes. Here we demonstrate pronounced expression of

human cholinesterase genes in developing oocytes by in-situ
hybridization, supporting the notion that ACh responses in human
oocytes may function independently of surrounding follicular cells.

I.7. Could organophosphorous poisons induce the amplification of
cholinesterase genes in humans?

Mammalian cell cultures and tumor tissues often achieve resistance
to drugs or inhibitors by selection of cells with inheritable amplified
genes producing the target protein of such agents (79,80). The
ubiquitous enzyme BuChE 1is strongly inhibited by OP compounds (11)
or agricultural insecticides such as parathion (p-nitrophenyl diethyl
thionophosphate) (3), to which individuals with "silent" BuChE genes
(81) are particularly sensitive. BuChE 1is expressed early in
embryogenesis (82-84), and in situ hybridization using cloned
BuChECDNA revealed BuChEcDNA-positive sites on human chromosomes
Nos. 3 and 16 (85) and high levels of BuChEmRNA in developing
human oocytes (86). During the course of this research, we found an
individual expressing an wunusual, defective serum BuChE with a de
novo ca 100-fold amplification within a genomic DNA fragment
hybridizing with BuChEcDNA and 1localized on chromosome No. 3. A
similar amplification was found in one of his sons, suggesting that
it initially occurred very early in embryogenesis, in spermatogenesis
or in oogenesis.

I.8. Somatic gene amplification in blood cells may implicate
cholinesterases in hemocytopoiesis

In addition to 1its presence in the membranes of mature
erythrocytes, AChE is intensively produced in developing blood cells in
vivo (87) and in vitro (88), and its activity serves as an accepted
marker for developing mouse megakaryocytes (89). Furthermore, adminis-
tration of ACh analogues as well as ChE inhibitors has been shown to
induce megakaryocytopoiesis and increased platelet counts in the mouse
(89), implicating this enzyme in the commitment and development of
these hematopoietic cells.

Using the <cloned ¢DNA coding for human BuChE (43) we have
localized BuChEcDNA-hybridizing sequences to chremosome sites 3g21-26
and 16g12 (85). It is of importance to emphasize that the chromosome
3g21-26 region includes breakpoints that were repeatedly observed in
peripheral blood chromosomes from patients with acute mnyelodysplastic
leukemia (AML, refs. 90,91). These cases all featured enhanced
megakaryocytopoiesis, high platelet count and rapid progress of the
disease (92). Many recent reports implicate chrcomosomal breakpoints
with molecular changes 1in the structure cof DNA and the induction of
malignancies (93). Therefore, the connection between a) abnormal
control of megakaryocytopoiesis in AML as well as in mouse bone-marrow
cells subjected to ChE inhibiticn, b) cholinesterase genes' locations
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on the long arm of chromosome 3, and c) chromosomal aberrations in the
same region in AML appears more than coincidental (see ref. 85 for
discussion of this issue).

In order to examine the putative correlation between the human
genes coding for ChEs and the regulation of henatopoiesis, or nmore
specifically, megakaryocytopoiesis, we initiated a snarch for
structural changes in the human ACHE and CHE genes from peripheral
blood DNA in patients with leukemia, platelet count abnormalities, or
both. Our findings demonstrate a significant co-amplification of both
the ACHE and CHE genes in peripheral blood cells in patients with
leukemia and/or abnormalities in their platelet counts, and stroagly
suggest an active role for these enzymes in the progress of human
hemocytopoiesis.
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II. Experimental Observations

II.1. Sequence similarities between human acetylcholinesterase and
related proteins

To search for c¢DNA clones encoding human AChE, oligodeoxy-
nucleotide probes were synthesized according to the amino acid
sequences in evolutionarily concserved and divergent peptides from
electric fish AChE (63) as compared with human serum BuChE (43,68,94).
These synthetic oligodeoxynuclecotide prokes were used for a comparative
screening of cDNA libraries from several human tissue origins.

Previous biochemical analyzes rclvealed that in the brain, the
ratio AChE:BuChE is close to 20:1 (25). In contrast, we found the cDNA
library from fetal human liver to be relatively rich in BuChEcDNA
clones (43). We therefore searched for cDNA clones that would interact
with selective oligodeoxynucleotide probes, designed according to AChE-
specific peptide seguences in cDNA libraries from fetal brain origin,
and particularly from brain basal ganglia that are highly enriched with
cholinoceptive cell bodies. Positive clones were then examined for
their relative abundance in brain-originated c¢DNA 1libraries, as
compared with liver. Brain-enriched cDNAs were further tested for their
capacity to hybridize with oligodeoxynucleotide probes, previously
designed according to the consensus amino acid sequence at the active
esteratic site of ChEs (94).

The screening efforts resulted in 25 cDNA clones encoding human
AChE sequences extending from the 3' terminus to within an estimated
350 nucleotides from the initiator AUG. DNA sequence analysis followed
by computerized alignment of the encoded primary amino acid sequences
of human AChE and the previously determined BuChE demonstrated, as
expected, that the functicnal similarity among ChEs reflects genetic
relatedness. Final seguence data are being reconfirmed and will be
presented in the next report. However, several conclusions may already
be derived, as follows.

The active site peptide of human AChE, as deduced from the
AChEcDNA clones, revealed 17 of 21 amino acid residues identical to
those of either human BuChE or Torpedo AChE (Figure 1). A lower level
of similarity (12 of 21 amino acid residues) was observed in comparison
with Drosophila AChE (95). Esterase 6 from Drosophila (96) displayed 10
identical residues of these 21, and several serine proteases, 3 or 4
identical residues only (Figure 1). This comparison draws a distinct
line between serine proteases and the family of carboxylesterases, and
more particularly, the hichly conserved ChFEs.

The coding region in human AChEcCDNA and the inferred amino acid
sequence of the human AChE protein were compared with the parallel
sequences of human BuChEcCDNA (43,94,62) and also with the amino acid
sequence of AChEcCNA from Teorpedo (63) and of the more evolutionarily
remote AChECDNA from Crcsophila (95) (Figure 2), This analysis revealed
several peptide regions and DNA sequence domains that are highly
conserved in all of the ChEs, particularly at the N-terminadl part of
the proteins. It further displayed clearly the higher level ct

divergence between between human and Drosophila AChEs, as opposed to




Active Site Homologies

A.

Hu. BuChE
Hu. AChE
Tor. AChE
Dros. AChE
B.

Dros. Est 6

Pig Elastase

Bov. Chymotrypsin
Bov. Prothrombin
Bov. Factor X

Hu. Plasminogen
Alpha lytic Protease

C.
Active Site Homology
of Hu. AChE to:

Hu. BuChE - 85%
Tor. AChE - 78%
Dros. AChE - 52%

*

NPKSV--TLFGESAGAASVSLHL
DPTSV--TLFGESAGAASVGMHL
DPKTV--TIFGESAGGASVGMHI
NPEWM--TLFGESAGSSSVNAQL

EPENV--LLVGHSAGGASVHLEM
-GNGVRSGCQGDSGGPLV--CQK
-ASGV-SSCQGDSGGPLV--CQK
EGK-RGDACEGDSGGPFVMKSPY
DTQPE-DACQGDSGGPHV--TRF
G--T--DSCQGDSGGPLV--CFE
IQTNV-CAEPGDSGGSL

Estimated Overall Homology
of Hu. AChE to:

Hu. BuChE: 51%
Tor. AChE 56%
Dros. AChE 31%

Figure 1. Comparison of ChE active site region sequences with
other serine hydrolases. The asterisk indicates [3H]-DFP-
labeled or active site serine. Amino acid sequence data were
based on DNA sequencing of human AChEcDNA clones and follow
reference nos. 63,94-96 regarding the other active site
sequences. Note the considerable difference between the
levels of sequence similarities within the ChE family (A) and
other serine hydrolases (B). Active site and estimated
overall homologies between human AChE and related ChEs are

shown in C.
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ChE HOMOLOGIES

Figure 2. Amino acid (up) and nucleotide (down) similarities between
the coding regions in most of the human AChEcDNA sequence and the
parallel regions in cDNAs coding for human BuChE, Torpedo AChE, and
Drosophila AChE. Regions of homology were searched for by the dot

matrix approach (5, 6). Match values that yielded regions of clear
homology and minimal background noise are presented: 12 out of 15
conservative matches for nucleotide sequences and 4 out of 5

conservative matched for amino acid sequences. Nucleotides are numbered
in the 5’ to 3' direction and amino acids in the N' to C' direction for

all sequences.
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the extensive similarities between human AChE and BuChE and Torpedo
AChE. A higher level of «conservation was found for all of these
proteins and cDNAs at the aminc acid 1level than at the nucleotide
level. this was in complete agreement with previous cobservations on
this ~ene family and its protein products (5,43). Significant homology
was also observed with the DNA and the amino acid seguence of bovine
Tg, in corroboration of previcus findings (5,63)

To further examine the molecular properties of the human AChE
protein encoded by the newly isclated cDNA clones, we subjected it to
hydrophobicity analysis (97) (Figure 3). The results of this analysis
were compared with parallel analyses of the homologous sequences of
human BuChE, Torpedo AChE and Drosophila AChE. The hydrophobicity
patterns predicted by this analysis reveal, in all four cases,
putatively globular proteins with very short regions of limited
hydrophobicity that appear in the same highly conserved positions in
the entire family.

In order to search for specific conserved domains in human AChE
that could be potentially involved in its hydrolytic activity, the
sbove data were combined with generally accepted concepts of the
catalytic functioning of carboxylesterases and of serine proteases.
Several serine proteases have recently been subjectied to site-directed
mutagenesis (gee, for example, 68). In corrobeoration of previous
enzymology studies, these recent experiments have demonstrzted beyond
doubt that three key residues are involved in the charge=-relay
rechanism of serine proteases, donating protons to a peptide bond which
is subsequently hydrolyzed. These include the active site serine, a
basic histidine residue and an acidic aspartate resicdve. In most of the
serine proteases, the three key residues appear in the crder His-Asp-
Ser with an average distance of 43 and 91 residues between the His and
the Asp and between the Asp and the Ser, respectively ($9). Each of
these key residues is erbedded in highly conserved peptides, 8-18 amino
acids in length. The seqguence similarities in the peptides surrounding
the reactive site serine 198 are cited in Figure 1. Careful analysis
revealed an invariant aspartate at pesition 170 that is azlso surrounded
by a highly conserved demain, as expected from recsidues playing
important roles in hydrolytic activity. in spite of the non-conserved
distance between this Asp 170 and Ser 198, these two residues appear to
be very good candidates for the putative key functicns in the charge-
relay system.

1S
N

The high pH dependence of the catalytic activity of ChEs (100) and
their sensitivity to chemical acgents that modify imidazole groups (101)
suggest that a histidine residue is also invelved in the charge-relay
rechanism of ChEs. However, there is no conserved histidine on the
amino-terminal site of the reactive serine. Cn the other hand, a highly
conserved peptide including an arginine residue can be found around
position 147. Arginine replaces histidine in the charge-relay csystem of
phospho-diesterase ST (102), suggesting this residue as a substitute
for the conservative His.

An alternative possibility suggests that histidine residues in
cther positions take part in the charge-relay system of ChEs. Indeed,
h1ghly conserved peptides that include histidine residues may be found

J--l-u-I-llIIlllIllIlIlillllllllllIlIIlIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIJ
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at positions 423 and 438. Both were suggested by Sikorav et al. (103)
to take part in the charge-relay mechaniem. According to this proposal,

the basic histidine residue would therefore be located con the carboxy-
side of the reactive serine. An example for reverced positions of the
Asp and His residues relative to the Ser rmay be fcound in another serine
protease, subtiiisin (104)

Site-directed nmnutagenesis studies will be reguired to distinguish
between the above-discussed pecssibilities for putative residues in
human AChE. However, in all cases, ChEs are 1indicated to have a
different charge-relay system frcom that of serine proteases, differing
in the identity of the basic residue, in its distance from the rezctive
Ser or in its relative pcsition cn the primary seguence. The possible
combinations for the charge-relay key recicduves cf ChEs, including the
peptide similarities, are presented in Figure 4.

1I1.2. Isolation and characterization of BuChEcDNA from adult liver
cDNA library

The results of ocur clening studies clearly demonstrated that
within the fetal brain and liver, AChE and BuChI is procuced from two
distinct mRNA transcripts. However, it cculd not znswer the gquestion
whether either AChE or EuChE is produced from different transcripts in
fetal as compared with adult tiscues. To arprcach this issuve, c¢cDNA
screening was performed in parallel in cDNA libraries from fetal and
acdult livers. The first prches emploved were theose ceding for BuChE.
Thus we have screened a cDNA likrery frex adult liver origin and
constructed in a lambda GT10 vecte in crder to isclate CcDNA clones
coding for BuChE. Two main prches were vuced to detect the presence
of the right cDNA insert by hybridizaticn:

i. The full-length BuChEcDXA cleone rprevicusly isclated £rom
human feta brain and liver l:ibraries (43), which wis fcund to ccde
for the catalytic svbunit cf BuChE as 1t appears in the adult serum
(€8);

2. A cDRA cleone coding fcr the 200 first N-terminal amino acid of
this protein (94).

It was known that the cofing regien cculd nct be subject to larce
variaticns, since the protein inferred frem 1t rermains the same in
enbryonic and adult tissues. However, we searched fcr 3'-variant ¢DNAs
ceding for BuChE, in analogy to these for 2ChE in Tcorpecdo (103) The
5'-partial probe should in principle pick these clecrnes with no

W
difficulty. The results of the screening experiment cemcnstrated that
BuChECDNA inserts were much less abundant in the adult liver library
than in the fetal liver one. Only three clcnes out cf 5:1C° were
positive zfter the third screen with th BEuChZIcInA prcbe, as
cempared with 40 in a parallel screen of the fetal liver library. OCne
of these 1incerts has been purified and then «subclened 1into the
sequencing single-stranded phage M13,

Nucleotide csequencing of the full-length adult liver BuChEcDNA
has been performed wusing the didecxy Sanger rmethcd as previcusly
described (43, 105). The nucleotide <ceguence c¢f the adult liver
BuChECDNA was identical to the fetal cne :n all respects, clearly




Putative residue combinations for the charge-relay system of the ChE
catalytic sites.

A-C. Kev residues cambinations

A. Argll7 - Aspl70 - Ser198 (23 - 28)
B. His423 - Aspl70 - Ser198 (253 - 28)
C. HisY38 - Asp170 - Ser198 (268 - 28)
D. Seguence Similarities
Argll7 Aspl70 Hisl23 His438
region regin region region
Hiu. AChE YRvgafgflal mgllDgrlal Hrastlswmgv pgveieftfg
Hi. BLChE  yRegalgflal rmoglfDoglal Hrssklpwmngy oHgveiefvig
Tor. AhE  vgafgflal mgllDgrmal Hrasnlwmgv iHgveiefvfg
Pros. AE yWRgafefThl  mglwDgalai Hrtstslwmgv JHedeieyffg

Figure 4. A-C. Possible cambinations for the key residues in the charge-
relay system of huma cholinesterases are presented. Residues are mumbered
according to their gppearance in the mature human B.ChE protein. The mumbers
of residues between the 1st and 2nd pairs of amino acids are marked in
parentheses for each combination. D. Seguences were aligned as previously
detailed (5,43) for human AChE (Hu. ACE), hums BUChE (Hu. BUChE), Torpedo
AChE (Tor. AChE) and Drosophila AChE (Dros. AChE). The position of each
putative catalytic site residue within the surrounding 11 amino acid
sequence is shown above each region. Residue nmumbering begins with 1 as the
first azino acid of the mature huma BUChE protein (68), since the human
AChE sequence is deduced from cDNA data only. The putative catalytic
residues are shown in uyper case letters.
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demonstrating that it was transcribed from the same gene by a
similar mechanism of post-transcriptional processing (Figure 5).

I1.3. In ovo translation of synthetic BuChEmRNA in microinjected
Xenopus oocytes

bacterial exprecsion system (in collaboration with J. Hartman a&n
Gorecki, Biotechnology General, Nes-ziona) resulted in the procduc
of a totally inactive, although immunochemically pesitive pro
(unpublished). We therefore proceeded to express human BuChEcDRA in
Xenopus laevis oocytes, known to be capable of translating native human
ChEmRNAs (45)

Our early attenpts to express the human BuChE polypeptide

a. Oocytes injected with synthetic BuChEmRNA produce
active butyrylcholinesterase

The synthetic mENA we injected was transcribed from a clni
censtruct containing the binding site for the $P6 salmenella phage REA
polymerase followed by the cDNA seguence (43) encoding an amino &cid
seguence which 1is identical to that of human  serum  BuClhE (€8)
(Figure 6). This enzyre may be distinguiched frem the cther

majcr cholinesterase, AChE, by its cubstrate preference and
csensitivity to selective inhibitors. In cur first experiments we
therefcre assessed the possibility that the primary &mino gcid
sequence is sufficient to ccnfer ligand binding specificity.

The enzyme produced Ly the oocyte in recponse to injection cf
SP6BUChInRNA demonstrated & clear preference for butyrylthicocholine
(BuSCh) over acetylthiochcline in act:v;ty GESaYS. z tic activity
averaged 8.2 +/- 1.6 nmcles EuSCh hydrelyzed/hr/cocyze 2 crders cf
magnitude hicher than the activity achieved with total pcly(A)”

NA from embryonic brain (46) {(Figure 7). By ceoTpariscn,
acetylthiochcline hydrclveis ranged 3-4 tires lower, averaging <.< -/-
0.7 nrole/hr/oocyte. An arparent Km cof 2 o« 1.7 M BuEIh was
determined for the secreted, cyteplasric, and memtrane-tbcound
fracticons of the enzyme (Table 1I). This value ccrrespconcs &)

everal ccntrel human cerurs o olloy

values calculated for ¢

lgboratery.

The total BuChE activity g
distr:buted as fclicows 4°/.1% w1 tre it
scickle and 58-/.7% extracced. The co €2
craracteristic inhiktitiecn by the BulhI-cpe &-
iscrrepylpyrephesphoranicde (1so-CNFR) whtle Ty
the AChE-specific JLaternary Ca-
allyldimethylammoniumphenyl)-pentan-3-cne dribre

The IC.o values 2-3 X AR S+ 2
cecreted and cytcplasmic peools c¢f the y ‘e Iy
1dentical to the value determined in perallel oo the homan gerun
enzyme, while the ICx:o value 1 N (RSO neasured fecr he
detergent-extracted enzyme indicates a limrted but sicn:ificant Cecreace
in BuChE affinity for this :nhibiter in  the gpresence cf Cceterzent
(Figure 8) Rl three fractioneg displiayed a (C0-I0% snhibition by
hiah concentration (00 CMY o of BWIELCHT
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Figure 5. The nucleotide sequence of full-length BuChLEcDNA
icsalated from an adult human liver cDNA library and its encoded
amino acid sequence are shown. Circled are the initiator
methionine, the terminal amino acid of the putative signal
peptide, the active-site serine and the terminal amino acid.
Indicated by closed circles are cysteine residues. Putative
glycosylation sites are marked with an oval. The putative signal

peptide is underlined.
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Figure 6. The fetal liver BuChEcDNA Lambda gtlO clone, containing
an insert of 2450 nucleotides in length (47) was

digested by EcoRI producing Lambda gtl0 "arms" and two fragments
of the BuChEcDNA insert: a 2250 base-pair fragment (FLBuChEcDNA)
which contained most of the cDNA sequence, and a 190 nucleotide
fragment from the 5'-terminal domain coding for the signal
scquence and the N-terminal part of the BuChE protein. The
FLBuChEcDNA was isolated by preparative gel electrophoresis and
electroelution. The cohesive ends produced by EcoRI restriction
were repaired using the Klenow subunit of DNA polymerase and the
resultant FLBuChEcDNA fragment was blunt-end ligated into the
Smal site of the linearized pSP64 vector. Restriction of plasmid
DNA by BamHI produced a fragment of 580 base pairs demonstrating
that the insert was introduced in the correct orientation. The
fetal brain FBChE12 clone (94) was emploved to

prepare the region coding for the N-terminal domain of BuChE.
Insert DNA was first excised with Sall and then restricted with
Accl, to yield a 275 base-pair fragment with the appropriate
enzyme sites for insertion into the restricted pSP64-FL
constructs. The Sall-Accl fragment of FBChE1l2 was purified and
ligated into the Sall-Accl cut pSP64~ChE plasmid, thus
constructing the pSPG4~ChE plasmid containing the complete
ChEcDNA introduced in the correct orientation for in vitro
transcription.
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INDUCED THIOCHOLINE HYDROLYZING ACTIVITIES
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Figure 7. Values represent the average net BuSCh (up) and AcSCh
(down) hydrolyzing activities (expressed in nmoles/hr/ococyte) +/-
SEM (bar) for 5 independent experiments in subcellular fractions
from oocytes injected with synthetic BuChEmRNA. A - incubation
medium, B - low-salt-soluble fraction, C - high salt, detergent
extracted fraction. Spontaneous substrate hydrolysis and control
oocyte activities were subtracted for each experiment. Average
control activities +/- SEM for the same 5 experiments are shown in
parallel. Subcellular fractionations and activity assays were
carried out as detailed in Experimental Procedures.




SUMMARY OF Km CALCULATIONS

AcSCh
LWB/HAND
LWB / L.R.
LWB/LOTUS
EISEN-CORNISH
KMVM
HYPERBOL

BuSCh
LWB/HAND
LWB / L.R.
LWB/LOTUS
EISEN-CORNISH
KMVM
HYPERBOL

MEDIUM

* 1.00E-03
* 2.50E-03
* 1.70E-02

¢ 5.00E-03
* 2.00E-03
* 2.50E-02

4.40E-03
9.40E-04

7.00E-05
9.20E-03

6.30E-04
2.00E-03

3.20E-03
2.50E-03

CYTOPLASM

LRI

1.00E-03
1.50E-03
1.00E-02

2.50E-03
2.20E-03
3.40E-03

2.50E-02
2.00E-02
2.00E-02

2.20E-03
2.00E-03

s0e

1.60E-03
1.40E-03

2.20E-03
1.50E-03

LX X

2.90E-03
6.70E-03

EXTRACY
H

1.80E-03
1.70E-03

1.50E-03

4.40E-03

§.00E-03
6.20E-03

s

2.70E-03
1.20E-03

1.25E-03
2.80E-03
3.00E-03

§.00E-03
2.70E-03
1.70E-03

Table 1

subjected to K

DETERMINATIONS OF OOCYTE PRODUCED

~ Summary of K

BuChEs

determination results.
activity was measured as g function of substrate concentration in
three subcellular fractions from three independent microinjection
experiments (I, II, III). The data from each experiment were

Enzymatic

analysis using a variety of methods. The results

are summarized in the table: LWB - Lineweaver-Burke calculated by

"hand"

best-fit line by

eye;

by

" LR"

ie.

linear

regression analysis; by "Lotus” ie. a combination of graphical and
mathematical analyses performed using the Lotus 1-2-3 computer
program. Eisen-Cornish - A graphical method perfomed using

"pencil,

paper,

and ruler." KMUM - A non-linear regression

analysis performed on our Olivetti M24% personal computer. HYPERBOL

- a hyperbolic curve fitting program also executed on the Olivetti
(not all

P.C.
methods
3 x 10

Results were weighted and averaged by "eye,
ere given equal consideration) and an apparent R
M BuSCh was estimated for all three subcellular

of 2-

fractions. Similar results were obtained with native human serum
from several apparently healthy adult subjects (not shown).




INHIBITION OF THE QOCYTE-SYNTHESIZED ENZYME BY THE BuChE-SPECIFIC

Residual  Activity (%)

ORGANOPHOSPHOROUS INHIBITOR iso-OMPA
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Figure 8. Oocytes were microinjected with synthetic BuChEmRNA and
incubated 18 hrs at 18°C. Subcellular fractions {("Medium,"
"Cytoplasm," and "Membrane-bound") were prepared as detailed under
Methods. 5 ul samples were assayed for BuSCh hydrolyzing activity
in the presence of varying concentrations of inhibitor. Results
represent average values +/- standard evaluation of the mean for 3
independent microinjection experiments. Note the minimal
inhibition effected by the AChE-specific inhibitor BW284C51. The
IC% deterwmined for bgman serum BuChE under identical assay
conJ}tions was 1.3 X 10 ~ M iso-0OMPA (not shown).
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b. Synthesized butyrylcholinesterase dimers assemble intoc complex
multimeric forms following co-injection with tissue RNAs

Linear sucrose gradient wultracentrifugation was employed to
examine the nature of subunit assembly in clone-produced BuChE. When
injected with synthetic BuChEmRNA alone, all three subcellular oocyte
fractions contained distinct BuChE activity displaying a sedimentation
coefficient of 5-7S and corresponding to the globular dimeric enzyme
form (Figure 9a). In contrast, native serum BuChE exists primarily as
globular tetramers (10). Supplemental muscle poly(A)~ RNA induced a
complete array of BuChE molecular forms in the membrane-associated
fraction of the oocytes, including a heavy 16S peak charactaristic of
the neuromuscular "tailed" form of the enzyme (24), which represents a
significant fraction of human fetal muscle BuChE (Figure Sb, up). Co-
injection of fetal brain poly(A) mRNA with the synthetic BuChEmRNA
induced a considerable peak of membrane-associated BuChE activity
sedimenting as 125 globular tetramers the primary BuChE form found
in human fetal brain (25) (Figure 9b, down).

c. Clone-produced butyrylcholinesterase associates with the oocyte
surface.

In human brain and muscle, BuChE associates with the extracellular
surface from which it can be detached by salt and detergent
(25,107). To examine the mode of a&association of the clone-
produced enzyme with the external surface of the injected oocytes,
an immunohistochemical approach was taken. Frozen sections of
BuChEmRNA-injected oocytes were incubated with antibodies to
Torpedo AChE, known to cross-react with human BuChE (108) and then
with fluorescein-conjugated second antibody. Characteristic green
signals on the oocyte surface could be easily distinguished from the
yellow autofluorescence emitted from the internal oocyte yolk vesicles

(109) (Figure 10a). Clone-produced BuChE accumulations appeared on the
surface of the oocytes in the form of either <small, round
"clusters, " about 5 um in diameter, or elongated "patches," 20
um in diameter (Figure 10b-e). Both types of structures were

relatively concentrated at the animal as cpposed to vegetal pole, and
could be identified within 30 minutes after microinjection.
Signal intensity increased with time up to 2.5 hrs after injection,
at which point maximum intensities were achieved (Figure 11). 1In
contrast, muscle pcly(A)~ RNA, which contains about 0.001% of

BuChEmRNA (H. Soreg, unpubliched observations), created very weak
surface-associated signals. Blockage of glycosylation by tunicamycin
induced the accumulaticn of fluorescent signals around

intracellular vesicles (Figure 12).

d. Co-injection with tissue mRNAs intensifies surface-associated
butyrylcholinesterase signals

Co-injection of brain and muscle mRNA with the synthetic BuChEImRNA
resulted in 2.4- and 3.6-fold increases, respectively, in the total
surface area occupied by patches and clusters while maintaining the 2-
3-fold disproportionate distribution at the animal over vegetal
pole (Table 1II). In bcth cases, the relative intensity of
flucrescent staining was also increased, although the enhancement
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Figure 9. A. Sucrose gradient fractions from 5-10 injected (-0-)
and non-injected (-0-) oocytes were assayed for BuSCh hydrolyzing
activity and AQO vs. fraction number was plotted after
subtraction of baéiground. Arrow indicates position of bovine
catalase {11.4S) marker.Fraction O is bottom of tube. Primarily
dimeric forms (approx. 5-75) can be clearly identified in all 3
subcellular fractions: low-salt-soluble (top), detergent-
extractable (middle) and incubation medium (bottom). Small
"shoulders” may be indicated in the 3-4S region characteristir of
monomeric ChE. One out of three experiments is presented; yields
were about 50% of loaded activities. Incubation, detergent
extraction, and sucrose gradient analysis were performed with
BuSCh as described in Experimental Procedures. B. Gradient
analysis of oocytes injected with 529 ng of synthetic BuChEmRNA
and 25 ng of unfractionated poly(A) RNA from muscle or, brain.
Note that co-injection with tissue-specific poly(A) RNA's
induced the biogenesis of high molecular weight forms of
detergent-extractable ChE. Fetal brain-derived mRNA (down)
induced the formation of tetrameric BuChE(12S), while muscle-
derived mFNA (up) generated an array of oligomeric forms.
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IMMUNOCYTOCHEMICAL ANALYSIS OF SURFACE-ASSOCIATED OOCYTE-PRODUCED

ENZYME
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Figure 10. Ooccytes were injected with synthetic BuChEmRNA,
incubated overnight (A) or for the indicated time (B) at 18°¢C,
fror-en., and sectioned as detailed in Methods. Qocyte sections
were incubated with cross-reactive polyclonal anti-Torpedo ACht
antibodies followed by incubation with rhodamine~ or fluorescein-
conjugated 2nd antibody and viewed by fluorescence microscopy.a.
Few small ChE accumulations on the oocyte perirhery {arrow).
Seale bar = 100 um. b.c.d,e. Closc-up view of some ChE "patches”
(b.d) and "clusters” {c,e). Immunofluorcscent signals sccm to be
localized on  the eoxtreme external surface of the ococyte. (d) and
(e} represent the animal pole of the oocyte. Scale bar = 20 um.




KINETICS OF NASCENT CHE ASSOCIATION WITH OOCYTE SURFACE

a: Very rare and
small agregates of ChE (arrow) on the oocyte peripherv. Animal
pole (A), Vegetal pcle (V). Scale bar = 100 um. b: Close-up of
membrane-associated BuChE accumulation at the Animal pole. Scale
bar = 20um. c.d. 45 minutes post-injection. ChE accumulaticns are
very similar to those observed at injection time, but more

Figure 11. a.b. About 30 minutes post-injection. a:

frequent. c: Vegetal pole. d: Animal pole. Scale bar = 20 um.
e, f.e. 2.5 hr post-injection. e: Fluoresecent ChE clusters are
bigger (arrow) , more frequent and more intense than those secn

at the previous injection time. Animal pole. Scale bar = 100 um.
f.g: Close-up view of ChE clusters on the Animal pole. Scale bar =
2Cum.
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SYNTHETTC BuChFELRNA AND GIYCOSYTIATTON AR NECESSARY REOUIREMENTS
FOR THE DETECTTON OF NASCENT ChE MOLECULES AT THE 0OCY TR SURFACE

Figure 12. a,b: Oocytes injected and incubated with 10uM
Tunicamycin 24 hrs prior to BuChEmRNA injection. Tunicamycin secns
to interfere with normal transport of ChE to the cocyte external
surface. Scale bar = 20um. a: Diffuse extcrnal ChE accumulution
(arrow). b: Cytoplasmic ChE accumulation closely associated to
yolk vesicles {arrow). Various centrol experiments. ¢t BuChEmENA-
injected oocytes treated with shodamine-conjugated 2nd aentibody
alone (no anti-ChE). Only the non-specific autofluorescence could
be observed. d: Oocytes injected with BuChEmRNA 4 brain
roly(A) RNA and treated with phycoprobe-conjugated 2nd antibody
only {i.e. no immunoreaction.) e: Oocytes injected with Barth
wedium and treated with anti-AChE 1st antibody and with
phycoprobe~conjugated 2nd antibody. Note the absence of
immunoreaction. f: QOocytes injected with fetal nuscle
roly{A)} RNA alone and treated with anti-ChE  1st antibody and

with rhodamine-conjugated 2nd antibody. Note the fow faint ChE

clusters in the oocyte periphery (arrow).
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obtained in oocytes co-injected with muscle mnRNA was significantly
nore dramatic (Figure 13). Particularly high accumulations of
immunofluorescing structures were detected in oocyte sections
which included the injection site.

Electron micrecscopic analysis using second antibodies coupled to
5nm gold beads confirmed the gualitative differences between
the surface-associated BuChE accumulations 1in oocytes co-injected
with brain cr muscle mRNA (Figure 14,15). The high =csensitivity of
analysis at this level further revealed that these BuChE deposits were
not primarily associated with the plasma rembrane of the oocyte
itself, but in fact, were mostly linked closely with the external layer
of the extracellular material surrounding the oocytes and their
follicle cells. Some gold particles could zlso be detected at the
level of the oocyte microvilli and follicle cells, perhaps caught en
route to the «cell surface. In tunicamycin-injected cells,
immunogold beads were concentrated around intracellular vesicles.

I1.4. Cross-homologies and structural differences between
cholinesterases revealed by elicitation of antibodies against
bacterially produced butyrylcholinesterase polypeptides

In crder to search for similarities and differences between
various ChEs at the level of the naked polypeptide, the amino acid
sequence of human butyrylcholinesterase, as deduced frcm cDNA seguence
information (43), was subjected to computerized analysis by the Chou-

Fasman prediction (110}). Measures cf alpha-helix and beta-sheet
values (111,112), "best guess" predictions of immunogenicity
(113) and hydrepathic characteristics (114) were ccmbined to examine

the expected immuncgenicity of specific regicns within the
polypepticde sequence. Using this analysis, the N-terminal 200 amino

acids of BuChE  were found to be particularly low in
immuncgenicity. Since this is also the part of BuChE which shows
createst hcmologies to other ChEs (5), we selected this polypeptide
gs an antigen. To prepare this protein in a naked form, the
FBChE12 insert (43,S94) transcribed from BuChEmRNA was used. This
insert conegists of a fully open reading frame and codes for the
sicnal peptide and the N-terminal 200 amino acids of human BuChE
(5).

W b

It was subclened into the pEX bacterial expression vector (115)
and ligated to the 3'-end of the gene encoding beta-galactosidase in
the pEX plasnid.

a. Expression of a partial BuChECDNA clone in a bacterial plasmid
induces the production of polypeptides that are immunoreactive
with various cholinesterase antibodies.

In the absence cof insert, shift of bacteria transformed with pEX
plasrmids to 42°C induces synthesis of beta-galactosidase (115). In
contrast, induction of beta-calsctosidase expression in bacteria
transfecrred with the pEXLFBChE12 construct resulted in the procduction
cf a fusicn protein of ca. 125 kd, which was mostly proteclyzed in
the bacteria to vyield a series cf prcteolytic products in the range
cf 35,000-75,000 daltens (Figure 16a). (It chould be noted that fusion
prcteins prcduced frcm cCiA incerts of ca. 400 nucleotides or more in
FEX vecters tend tc ke prcteclyzed in the bacteria {115)). Also,
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BuChE ASSOCIATION WITH OOCYTE SURFACE

injected: BuChEmRNA BuChEmRNA BuChEmRNA
alone + Brain mRNA + muscle mRNA
Hemispherezz Animal Vegetal Animal Vegetal Animal Vegetal
Clust;:rs3
No. 3.5:0.5 3:1 711 4.5+0.5 2522 13:1
(umz)surface 280 240 560 360 2000 . 1040
x-fold surface 1.00 1.00 2.00 1.50 7.14 4 .33
Petches
No. 9.5:1.5 6.5:1.5 26.5:1.5 9.5:0.5 3422 18=:1
(um2)surface 4750 2750 13250 4750 17000 9000
x-fold surface 1.00 1.00 2.79 1.00 3.58 3.27
Totalq'
(umz)surface 5030 2990 13810 5110 139000 10040
x-fold 1.00 1.00 2.75 1.71 3.78 3.36

Table 11 1. A complete series of 10 um-thick sections from 2-1.2 mm diameter, stage 6
oocytes (Dumont, 1972) microinjected with synthetic SP6BUChEmRNA alone or combinations
of this RNA with fetal muscle or brain poly{A) RNA, was immunoreacted with pre-
adsorbed anti-AChE antibodies and quantitatively analyzed by fluorescence microsopv as
described under Methods. RNA was injected at the midline dividing the animal and
vegetal poles. Biochemical analyses of the induced BuChE activities in the subcellular
fractions of the oocytes used for this andiysio wors wi+hin the average level or
induction (see results). 2. Oocyte sections were visually identified as animal or
vegetal pole by detection of pigment vesicles at the animal hemisphere. Numbers
reflect the total count from all of the sections representing each hemisphere.

-

3. Positive immunofluorescence signals of 1-10 um diameter were defined as "clusters”
with the average surface area of one cluster being estimated as 80 sq. micron.
Fluorescent signals of 10-25 um in diameter were defined as "patches" with the average
surface area of a single patch being 500 sg. micron. 4. The Total number of clusters
and patches were recorded so that signals appearing in 2 adjacent sections were only

counted once.




FLUORESCENCE MICROSCOPY ANALYSIS OF FROZEN SECTIONS F'ROM‘OOCVYTES
CO-INJECTED WITH SYNTHETIC BuChEmRNA AND NATIVE POLY(A) ENAs.

Figure 13 .a.h,c.+Oocytes co-injected with synthetic BuChEmRNA and
muscle poly(A) ENA. a: The injection site (open arrow) is
clearly visible between the Animal pole (A) and the Vegetal pole
(V). Scale bar 100 um. b: Close-up view of the injection site
(cmpty arrow). Note the strong ChE immunoreactivity. Szale bar =
20 um. ¢: A big ChE patch in the most peripheral part of the
occyte. Scale bar = 20 Um.‘d.e,f‘. Cocytes co-injected with
PuChEsENA and  brain poly(A) RNA. The ChE activity appears as
very snall clusters or as diffuse sites also in the internal part
cf the oczyte rmecbrane (arrow). Scale bar = 20 um.

e
I




IMMUNOGOLD ELECTRON MICROSCOPY OF SLCTIONS FiiOM CO-INIECTED
OOCYTES.

Figure }!l. a,b,c. Oocytes injected with BuChEoRNA snd rnuscle
poly(A) RNA. a: A very well defined cluster of gold particles
(between arrows) located in the externzl part of the follicular
cell (fc) laver. A few gold particles can be seen between the
microvilli {mv) and the follicle cells. Scale bar = 5 urm. b
Closec-up view of (a) - note the specific external localiration
clese to the extracellular matrix. Scale bar = 1 uzm. c: Smail
arrregates with the same localization. Scale bar = 1 um. d,.o. .
Occytes injected with BuChEmRNA and brain roly(A) FERNA. d:
Anim~1l pele with pigment vesicle (pv). The gold particles are
located in two different compartments: COne (arrow) between
microvillae (mv) and collagen level (c) and the other in a small
cluster on the external part of the follicular cell. Scale bar = &
urt. e, f: Detail of the two accumulation corpariments, In (e), most
internal cempartment and (), external accumulaticn. Scale tar = 1
T,




IMMUNOGOLD ANALYSIS IN TUNICAMYCIN-TREATED OOCYTES

Page 14d

preincubation with intracellulary introduced tunicamycin. a:
Animal pole, with pigment vesicles (Pv) and yolk vesicle {(Yv);
gold particles are Lighly concentrated in the cytoplasm (arrow)
around the yolk vesicles {Yv). The extracellular part of the
oocyte iIs defined by the microvilli (mv). Feuw gold particles arc
associated with the extracellular material of the oocyte cell
(arrow). Scale bar = 5 um. b: Close-up view of the cytoplasmic
area in the animal pole side. Few gold particles are closely
associated (arrow) with yolk vesciles {(Yv). Scale bar = 1 um.
c.d,e: Aggregates of gold particles (arrow) are locuted around
nembrane ghost (star). Scale bar = 1 um. Contreol experiments. f:
Oocyte co-injected with BuChEmRNA and nuscle pOIy(AY*—hNA,
incubated with PBS and Protein A-gold. This control tests the
nonspecific binding of the Protein A-gold on an mRNA injected
oocyte. Rarc gold particles (small arrows); Basal lamina (EBL) is
visible on the external part of the follicular cell (fc). Scale
tar = 5 um. g: Barth nedium~injected oocyte, incubated with PLS
and Protein A-gold. This control tests the non-specific binding of
the Protein A-gold on an oocyce injected without mRNA. Only a few
g0ld particles are detectable in the extracellular matrix
material; collagen (c); the animal pole side. Scale bar = 5 un. h:
Barth medium-injected cocyte, incubated with enti-AChE polyveleonal
antibody and Protein A-gold. The gold particle gccuniulation in the
extracellular matrix wesociated with the collagen (c¢), and arcund
the follicle cell (fe), is not negligibl . Scale bar = 5 unm.

‘f1--------l-l.lllllllllllllllIlIlllIlIlIllIllIIlllllllllllllllllllllllli



Page 1lle

A Expression of FBChE12
in pEX3 vector

+ + -

Sy

1C ”‘*"-3'

§E
=3 |
zﬁ&

_Expression of FBChE 120 in pEX vector

-—[}-gal

Anti-@-ggl_ Anti HUACKE _Anti Tor. AChE
-+1 2 -+ 2 -t 2
- F T Tf’*ﬂv 1T

200} ¢
97}~
68}~
43},

26

18}~
14

L ‘ W~;
o | Lk
= | [RF

RS \

1 (90 Kd) ) 2(40Kd}
Fusion Protein

Figure 16. A. Detection of partially proteolyzed fusion protein
with beta galactosidase. Ten ul samples of boiled bacterial
extracts were subjected to protein gel electrophoresis for 3
hrs and 100 V in gradient slab gels (5-15% polyacrylamide).
Bacteria were transformed with pEX_FBChE12 recombinants (+) or
with native pEX3 plasmids (~). Protein bands that were found to
be enhanced in bacteria infected with pEX_FBChE12 recombinants
(Fraction 1, sapproximately 70-75 kD, and fractidn 2, approx. 30-40
kD), were purified and concentrated by preparative gel
electrophoresis, electroelution and lyophilization. B. Immunoblot
analysis of fusion polypeptide products. The total proteins extracted
from recombinant (+) or native (-) pEX3 plasmids and the
electroeluted proteins purified from fraction 1 and 2 were
electrophoresed and blotted on nitrocellulose filters by overnight
electroelution. lmmunoblot analysis was performed with rabbit
antisera against bacterial beta-galactosidase, human erythrocyte
AChE &and Torpedo electric organ AChE.
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the synthesis of the cro-beta-galactosidase (110 kd} ceased in
these bacteria, as compared with its synthesis in lLacteria transfected
with the original pEX plasmid (108).

The nature of the polypeptides translated from pEX3FBChE12
plasmids was examined by immunoblot analysis of bacterial extracts
(Figure 16b). It was found that all of the proteolytic products
derived from the fusion protein reacted with antibodies against
bacterial beta-galactosidase. Of these, two peptides of 40 kd and 35
kd in length, but not the heavier o¢nes, interacted specifically
in protein blots with rabbit antibodies against AChE from both
human erythrocytes and Torpedo electric organ. In addition, the
40-kd and 35-kd polypeptides reacted specifically in immuncblots
with all of the AE1-5 mouse monoclconal antibodies raised against
human erythrocyte AChE by Fambrough et al. (58). Altogether, the
interaction with antibodies indicated that these polypeptides are
derived from a partially proteolyzed fusion protein of beta-
galactosidase-FBChE12, with the 40 =kd and 35 =~ kd polypeptides
containing the information encoded by the FBChE12 ¢cDNA insert as
well as some parts from the C-terminal domain of beta-
galactosidase. Furthermore, the immunoblot analysis revealed that
these BuChE-derived polypeptides share immunological properties
with both human and Torpedo AChE. Protein blot analysis with
antiserum against whole human serum proteins, which efficiently
interacts with BuChkg in crossed immunoelectrophoresis plates,
failed (116) to reveal a significant specific interaction, perhaps
because the antibodies interacting with BuChE in this complex
antiserum recognize only the mature protein.

b. Anti-cholinesterase antibodies elicited against the protein
product of BuChEcDNA as synthesized in bacteria interact with
cholinesterases in immunoblots

The 40-kd and 35-kd protein products synthesized in bacteria from
the FBChE12 insert were employed to elicit rabbit anti-ChE antibodies
(Figure 17a,b). The resultant rabbit serum, purified by affinity
chromatography, was tested by immunoblot analysis against the
electrophoretically purified antigen. It was also reacted with
blotted purified human erythrocyte AChE, as well as with protein
extracts from E. coli bacteria transformed with ncn-recombinant PEXa
plasmids &and from bacteria transformed with pEX,FBChE12 plasmids.
The entibodies interacted cspecifically with the 70-kd ptrified
AChE, with similarly migrating proteins in serum and muscle, with

several additional muscle proteins of wvariable sizes and with
a set of polypeptides from the pEXsFBChE12-transformed bacteria,
the largest of which was ca. 95 kd (Figure 17c¢). This analysis
demonstrated that the anti-cloned BuChE antiserum interacts

specifically with the bacterially produced human BuChE and with
highly purified erythrocyte AChE, both under complete denaturation and
immobilization conditions.
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IMMUNOBLOT ANALYSIS WITH ANTIBODIES ELICITED AGAINST THE CLONED
FRAGMENT OF HUMAN BUTYRYLCHOLINESTERASE

B. Antiserum

. : A. Antigen
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Figure 17. A and B: This scheme summarizes the different steps
involved in the elicitation of antibodies from the gene to the
immunoblot. Details are given under the section Materials and
Methods. C: Antiserum against the fragment of human BuChE
expressed in pEX,FBChE1l2 plasmids was wused for immunoblot
analysis in 1:500 dilution. Proteins were extracted from the
pellet of bacteria carrying pEX_FBChE12 recombinants (+) or
native pEX3 plasmids (cont.). }ligﬁly purified erythrocyte AChE
(20 ng, gratefully received from Drs. E. Schmell and T. August,
Baltimore) and total protein extract from fetal human muscle were

loaded in parallel.
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c. Antibodies to clone-produced butyrylcholinesterase interact
preferentially with particular globular forms of cholinesterases

The rabbit antibodies directed against the clone-produced BuChE
peptides were used for the immunoprecipitation of native and denatured
human serum BuChE- and AChE-enriched fractions prepared from red
blood cell membranes. For this purpose, serial dilutions of the
rabbit antiserum were incubated with the enzyme samples, using
immunobeads covered by a goat anti-rabbit IgG (Amersham) as a second
antibody. Immunoprecipitated pellets of native ChEs were analyzed
for ChE activity (Figure 18). Ca. 15% of the BuChE and 10% of the
AChE activities could be precipitated, with significantly  higher
level of BuChE precipitation and with the same and optimal dilution

of the antiserum (1:80) for both activities (108). The
denatured ChEs were incubated with >H-(DFP) and dialyzed
prior to the immuncprecipitation reaction, SO that the
radioactivity recovered in the immunoprecipitated pellets
reflected the efficiency of the immunoreaction with  denatured
ChEs. In this case as well, precipitation curves were

obtained for both AChE and BuChE with the same 15-20% level and
optimal dilution of the antiserum.

In order to determine which c¢f the various molecular forms of AChE
and BuChE from different tissue sources interact with these
antibodies, the relevant tissue extracts were subjected to direct
immunoreaction followed by sucrose gradient centrifugation and ChE
activity measurements (Figure 19). In this experiment, the antibody-
reacted serum BuChE tetramers displayed a sedimentation coefficient
of ca. 13.58, as compared with 11.85 for the native enzyme; in
contrast, the erythrocyte dimeric enzyme sedimented with exactly the
same rate before and after the immunoreaction. Different results were
cbtained when the complex activities from fetal muscle extracts were
similarly immunoreacted. BuChE dimers, but not BuChE tetramers,
changed their sedimentation coefficients when reacted with the
antiserum. When AChE activities from the same extracts were measured,
it was found that here as well, the dimeric form displayed an apparent
shift in sedirmentation. Small but cignificant shifts were also
cetected in the sedimentation patterns cof the 10S and the 128 forms
of muscle AChE. Thus, the sedimentation rates cf AChE dimers from
fetzl ruscle, but nct from erythrocytes, and BuChE tetramers from
serumn, but not from fetal nmuscle, were significantly affected
by these antibodies (Table III).

I1.5. Cross-homologies between butyrylcholinesterase and thyroglobulin
induce antibodies to neuromuscular junction cholinesterases

Human BuChEcCNA displays a considerable seguence hemology with
Tg (5,43). The highest level of hcmology is within the region preduced
in our pEX bacterial expressicn system. To examine whether autoimmune
antibodies to ChE are induced in hyperthyroid patients, we
tested the interaction of 1Igs from such patients with the protein
products of pEXs;BuChECDNA constructs as well as with the enzyme in
citu, in fixed ruscle fibers. For this purpose, a dot blot
immunoreaction wit the PEX:BuChEcDNA-derived polypeptides was
performed, using diluted patient sera and iodinated prote’n A.Igs
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Interaction of Human ChEs

't\'s' with antibodies to cloned ChE
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Figure 18. Interaction of human ChEs with antibodies to cloned
BuChE. A. Precipitation curves. The rabbit antiserum elicited
against cloned BuChE was serially diluted and incubated with
enriched preparations of serum BuChE or erythrocyte AChE, either
in their native forms (top, avg. of three different §xperiments
and deviations) or following interaction with [“H]DFP and
denaturation (bottom). Complexes with the second antibody were
formed by further incubation with goat antgrabbit IgG conjugated
to Sepharose beads and precipitated by centrifugation. The extent
of interaction was then determined, either by cgfalytic activity
-measurcments or by counting precipitated ['H]DFP. Control
reactions werc performed by incubation with non-immune rabbit
serum at similar dilutions,
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SUCROSE GRADIENT ANALYSIS OF ANTIBODY/ChE COMPLEXES

. T T 1 YT T Bi 1 {

Serum ChE Fetal Muscle AChE

Fetat Muscle ChE
Erythrocyte AChE

-— Sedimentation

- Sedimentation

Figure 19. Sucrose gradient sedimentation. Anti-cloned BuChE
antibodies were incubated with enriched serum BuChE or erythrocyte
AChE, or fetal muscle extracts and ChEs were separated from each of
these mixtures by centrifugation on linear 5-20% sucrose gradients
(o). For comparison, native ChE forms were run in parallel (o).
Bovine catalase (11.3S) served as the principal sedimentation marker.
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Altered sedimentation coefficients in specific molecular

forms of ChE as induged by antibodies.

Serum
BuChg

Erythrocyte
AChE

Fetal muscle
BuChE

Fetal Muscle
AChE

III

0 : no shift

4 to 65

1S (£0.2%)
hydrophilic

1.7s (+ 0.1S)
hydrophilic
hydrophobic

-- : absence of molecular form

A : ambiguous

The shift of the molecular form is indicated in S unit + the standard error of the

10S

1.35 (+ 0.18)
hydrophilic
hydrophobic

mean (s.e.m.) for 3 independant experiments,

12§

2§ (+ 0.25)
hydrophilic

15 (+ 0.1S)

16S
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from three normal individuals demonstrated nil binding above
background. The polyclonal rabbit anti-cloned ChE showed the highest
level of binding, as expected. Six of nine patients showed evidence of
significant binding to the ChE prci-=in.

Further analyses included immuncklots of the
PEX3BuChECDNA procucts following gel electrophoresis (Figure 20).
Purified Tg served as a positive control in these experiments. Jgina
these polyclonal antibodies, faint but distinct bands could be
detected for Tg with anti-cloned ChE and vice versa. Five normal Igs
had undetectable binding to either ChE or Tg. Six Hyperthyroid patients
demonotrated kindine to Chz but thic was not 3'ways acconpanied by
binaing to Tg. In three patients with hyperthyroidism, there was

no binding to ChE despite high levels of binding to Tg.
I1.6. Cholinesterase genes are expressed in the haploid genome oocytes

Dot blot hybridization of poly(A)* RNA from ovarian tissue
carples from several individuals, wusing >ZP-labelled BuChEcDNA,
indicated that the level of ChEmRNAs in the mature human ovary is
<0.001% of total RmRNA (118). However, reproducible in situ
hybridization signals were observed in ovarian sections from various
individuals and were localized in single cells, identified as oocytes,
within follicular structures of different developmental stages (86)
(Figure 21). In a semi-quantitative analysis performed on 71
primordial, 14 pre-antral and 20 antral follicles with positively
labelled ococytes, the average grain density of hybridization signals on
a scale of 1-5 was estimated to be 1-2, 4-5 and 2-4, respectively.
Thus the level of BuChEmRNA appeared to be reproducibly high in pre-
antral follicles as compared with those which were primordial and
antral, while atretic follicles remained negative and other cell ‘types
did not display significant labelling (86,118) (Figure 22). No signals
could be detected in many follicles, probably because of different
sectioning levels, where many sections did not cut through the oocytes
themselves. No labelling was observed in control experiments using an
irrelevant DNA fragment from a non-expressed intron of the human
superoxide dicsmutase gene (119) or following pre-treatment of the

covarian sections with pancreatic ribonuclease. Over 550 grains could
be counted in single ococytes exposed for 15 days, indicating high
levels of ChEmRNA within the oocyte. For comparison, similar levels

were detected under the same hybridization conditions for the pCO:
mRNA, representing 15% of the total mRNA content in two-cell sea-urchin
embryos (120). Considering the low content of ococytes (= 10® in.a
rature ovary) in the total number of ovarian cells, this high intensity
of labelling is compatible with the 0.001% levels of BuChEmRNA detected
by dot blot hybridization and suggests that BuChE is expressed in high
levels in the human cocyte throughout its development, with a transient
increase in the pre-antral phase.

Biochemical properties of the ovarian ChE were examined by sucrcse
gradient centrifugation followed by measuring [®H]ACh hydrolysis in
the presence of selective inhibitors. In several such analyses, ovarian
ChE activity was defined as "true'" AChE, <sencitive to inhibition by
10-°M of the selective anti-AchE inhibitor BW284CS51 and resistant to
the anti-BuChE inhibitor iso-OMPA (86). However, careful inspection of
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Immunogenic Cross-Reactivity Between Thyroglobulin
and Cholinesterases

Patient IgGs Rabbit Antibodies
IgG Igb IgG Vs. Cloned| Vs. Human Vs. Rat |Vs. Torpedo|Normal
1 2 Control | Human ChE LI’hyroglobulin Brain AChE |[E.0. AChE | Serum
A Y

ChEP—16 — ® -2 |- — = — L
b ' . " .';
'-TQ ¢-Tg ¢-Tg ¢-Tg Q-Tg v-Tg ¢-Tg ,-Tg

Figure 20. vrrot-in extracts from bacteria transfected with the
pEX_BuChEcDNA constructs (+) or with pEX3 plasmids alone (-)
weré separated by gradient polyacrylamide gel electrophoresizc in
parallel with purified human thyroglobulin (Tg) and blotted
onto nitrocellulose filter. Filters were then incubated with
either purified IgG from 2 patients suffering from Grave's
ophthalmopathy, with autoimmune antibodies against thryroglobulin,
with IgG from a healthy individual (control) or with rabbit
antibodies elicited against cloned human ChE, purifed
thyroglobulin, rat brain AChE and Torpedo electric organ AChE, as
¥S as with normal rabbit serum. Second incubation was with

I-protein A. Autoradiography was for 1 week with
intensifying screen. Note binding of antibodies to cloned
ChE peptides (ChEP) and to thyroglobulin (Tg) bands.
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ChE TRANSCRIPTS IN HUMAN OOCYTES ‘
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Figure 21. Full-length purified BuChEcDNA was labelled with [3533
deoxyadenosine and deoxycytosine to a specific activity of 3 X 10

cpm/microgram and

frozen 12 micron sections from mature, normal ovaries. Photographs
and drawings of follicles in primordial (A), pre-antral (B), and
antral (C-E) stages are displayed. Note absence of labeling in

atretic follicle
follicle (B, left).

employed as a probe for hybridization in situ with

(B, right) and intense labeling in pre-antral
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ChE LEVELS IN DEVELOPING OOCYTES

Figure 22. ChEmRNA levels in developing oocytes. In-situ
hybridization was as in previous figure. High magnification
photographs are displayed for follicles at the primordial (A}, pre
antral (B) and antral (C) stages. Note relatively intense labeling of
the cocytes at the pre~antral stage.




Page 18

cross-hybridization levels between AChEcDNA and BuChECDNA revealed high

gpecificity of the hybridization signals (121), =strengly suggesting
that the in situ hybridization of BuChECDNA with cvarian sections
revealed the exclusive presernce of BuChEmRNA. Further experiments

using AChECIDNA demonstrated that AChREmRNA 1is also produced ia the
oocytes, although in lower quantities (Ayalon, 2Zakut, and Soreq,

unpublished data). It <chould be noted that the presence of mRNA
transcripts does not necessarily imply that their corresponding protein
products are present and bioclogically active. This 1is particularly

true in the case of oocytes, where accumulation of mRNA transcripts for
later wuse after fertilization has been observed. Cytochemical staining
experiments will have to be performed on ovarian sections to resolve
this issue. The ovarian AChE appeared to be predominantly tsoluble in
low ionic strength buffer, but up to 30% of the activity renained
attached to the buffer-insoluble fraction of the ovarian homogenates,
from which it could be removed by 0.1% of the non-ionic detergent
Triton X-100. The buffer-soluble AChE sedimented as 5.5-6.5S5 globular
dimers, whereas the detergent-extractable enzyme presented the
properties of both 4.5S monomers and heavier dimers, indicating that it
could reflect contamination with erythrocytes. Minor activities of
BuChE tetramers, most probably of plasma origin, could be observed in
the buffer-soluble fractions of part of the samples and were completely
resistant to BW284C51 but sensitive to 1iso-OMPA at the above
concentrations.

ITI.7. De novo inheritable amplification of the CHE gene in a
family under exposure to parathion

We have studied the poscsible role of OP exposure in CHE gene
arplification in an Israeli family from an agricultural settlement in
northern Israel (referred to here as the "H family"). The occurrence of
the delective BuChE phenotype in the H family was brought to our
attention when one of its members, I.T., suffered from characteristic
prolonged apnea (81) following a single intravenous administration of
succinylcholine during the course of general anaesthesia. On another
occasion a sibling, M.I., fainted while spraying parathion in a cotton
field. Examination of serum BuChE activity in all members of this
family revealed very low levels of BuSCh-hydrolyzing activity in serum
csamples from both I.T and M.I., with increased sensitivity to the
specific OP BuChE inhibitor iso-ONPA {11) and pronounced resistance
to the local anzesthetic Dibucaine (2-butoxy-N-(2-diethylaminoethyl)-4-
guinoline carboxanide), all being characteristic of the defective
BuChE-type enzyme (1).

To examine whether the expressicn of the unusual BuChE phenotype
was due to alteraticn(s) at the level of the CHE genes, DNA blot
hybridization experiments were performed, using 32p-labelled
fragments from the cloned BuChEcDNA as probes. When digested with the
enzymes EcoRI and Hind III and gprebed with full-length BuChECDNZ,
peripheral blood DNA from M.I. revealed highly positive restricticn
fragments of approxirately 6.0 kb and <cmaller (for EcoRI) and 2.5 Kb
(for Hind III) (Figure 23). These were absent from DNA from several
other members of the H family, <cpecifically including the parents,
R.U. and M.0., and the sibling, I.T. (122). This pattern was
reproducibly cobtained using LCNA sarples taken at long (6-




Page 184

DNA blot Hybridization with regional BuChEcDNNA probes
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Figure 23. DNA blot hybridization with regional BuChLcDNA probes.
10 ug samples of DNA from peripheral blood were digested to
completion with excess amounts of the restriction enzymes
EcoRl (Pharmacia) cr Hind III (IBI), electrophoresed on 1.0%
agarose gel and transferred to a Gene-Screen filter {NEN).
Subcloned BuChEcDNA probes a,b and c¢ were prepared as described
and labeled with P-dATP by the random primer technique
Hybridization was carried out for 16 hr and filters were washed in
0.15M NaCl, 0.015M NaCitrate and 0.1% SDS at 60°C. Exposure was
for 6 days at -70°C with an intonsifying screen. Lambda phage DNA
restricted with Hind III was used for size markers. The probes
used are schematically drawn below, with coding regions
represented by thick lines and untranslated regions by thinner
lines. ’
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month) time intervals. It 1is interesting that the hybridization
signal with these amplified fragments was concsiderably weaker when the
5' and 3' terminal parts of BuChEcDNA were used as probes, suggesting
that the initial amplification event was confined mainly to the
central part of the BuChE gene and that the external parts of this
gene wvere amplified to a lesser extent, 1in agreement with the
"onion  skin"” model for other amplification units as cpposed to a
pattern of tandem repeats (79). Furthermore, the variable sizes of
the positive fragments obtained with EcoRI but not with Hind III also
argue against the tandem repeat model for the initial event of the
amplification.

To gquantitate this amplification, a dot blot hybridization was
performed with 6 dilutions of peripheral blood DNA from each member of
the H family (Figure 24). DNA from M.I. and one of his sons, O.F.,
contained an equivalent of about 25 pg of BuChEcDNA-positive
sequences per microgram of genomic DNA, whereas DNA from other
members of the family displayed levels equivalent to only 1-3 pg/ug
DNA. Blct hybridization of DNA from O.F. revealed restriction
patterns similar to those of M.I. Altogether, these hybridization
experiments suggest that the de novo amplification event occurred in
the genome of M.I. very early in spermatogenesis, embryogenesis, or
oogenesis, rendering it inheritable. However, we cannot rule out the
possibility that 0.%. inherited the predisposition for this
amplification and that the occurrence of the amplified DNA in his case
was due to the prolonged exposure to parathion.

When metaphase peripheral blood chromosomes from M.I. and his
mother, R.U., were analyzed by the Giemsa (G) and the
bromodeoxyuracil-induced (R) banding techniques (85), apparently
normal karyotypes were observed in both individuals, with neither
minute chromosomes nor homogeneously stained regions which are
commonly found in cases of gene amplifications (80). In situ
hybridization with (2°S)-BuChEcDNA revealed intense labelling of the
3g29 region in M.I.'s chromosomes as compared with controls. [®®S]-
Labeling was mostly confined to chromosomal structures, excluding
the possibility that the amplified CHE genes were present in
submicroscopic extrachromosomal elements.

Altogether, these observations suggested that the inheritable
amplified DNA segment was localized close to the original site of the
CHE gene at 3926 (85). Since the amplification wunit corresponds
primarily to the middle third of +the cDNR, and assuming that it is
present at a single site in the genome, we calculate that at least 100
copies of the amplified fragment are present in a possibly fully
inheritable form in the genomic DNA of M.I.

In spite of the apparent gene amplification in M.I. and O.F.,
gel electrophores.s and immunoblot analysis of serum proteins with
anti-BuChE antibodies failed to reveal over-expression of serum BuChE
in these individuals (123). However, this does not exclude the
possibility that the amplified gene was over-expressed early in
development, for example, 1in germline cells and embryonic tissues,
wvhere the CHE gene is intencely expressed (83,86).
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Inheritable amplification of ChE DNA
in members of H family
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Figure 24.

De..atured genomic DNA from peripheral blood cells was spotted onto
a Gene-Screen filter using a dot blot applicator
(BioRad). Electroeluted BuChEcDNA (probe a, upper panel) was
spotted in parallel for calibration. All sawmples contained the
noted quantities of genomic DNA and denatured herring testes DNA
to yield a total amount of 2 ug DNA per §Bot. Hybridization,
wash and exposure were done with (" P)-labeled probe a,
as detailed in upper panel. Quantities of genomic BuChEDNA
sequences that hybridized with the labeled probe in each
member of the H family were determined in values equivalent. to
pg of BuChEcDNA by optical densitometry of the exposed X-ray
film (Agfa Gevaert) in a Bio-Tek microplate reader. An irrelevant
clone served as control. Insets: autoradiographed films showing
dot hybridizations of ug of genomic DNA (upper) and pg of cloned
DNA (lower).
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I1.8. Co-amplification of human acetylcholinesterase and
butyrylcholinesterase genes in blood cells

In crder to search for putative structural changes in leukenic
DNA samples within the human AChE and CHE genes encoding AChE and
BuChE, we first examined their restriction fragment patterns in
peripheral blood DNA from 16 patients with various leukemias as
compared with DNA from 30 healthy individuals. For this purpose DNA
blot hybridization was performed with equal amounts of patients' DNA
following complete digestion with the restriction endonucleases Pvull
and EcoRI and gel electrophoresis. Hybridization with [32p]-labelled
AChE cDNA and BuChE cDNA repeatedly revealed invariant restriction
patterns and signal intensities for DNA from all of the healthy
individuals. The same restriction pattern and signal intensities were
observed in DNA from 12 of the leukemic patients. In contrast, the
hybridization patterns in the 4 remaining samples displayed both
gualitative alterations and a clear signal enhancement with both cDNA
probes (121). It revealed intensified 1labelling of bands that also
existed in the control lane, as well as the appearance or various novel
labelled bands (Figure 25a).

In view of these first promising results and the previous reports
correlating ChEs with megakaryocytopoiesis and platelet production (87-
89), we examined DNA from additional patients with platelet disorders,
whether or not defined as leukemic. Significantly enhanced
hybridization signals with both cDNA probes were found in 3 of 5 such
patients examined, one of them leukemic (Figure 25b). It is interesting
that the intensity of hybridization in 2 of these samples was much
higher than it was in any of the previously tested 1leukemic DNA
samples. Furthermore, the amplification events in these two samples
appeared to involve many additional PvulIl-cut DNA fragments, due to
either nucleotide changes producing novel Pvull restriction sites or to
different regions of DNA having been amplified (121).

To further compare the restriction fragment patterns of the
amplified genes, we subjected the relevant 1lanes from these
autoradiograms to optical densitometry (Figure 25¢). This analysis
clearly demonstrated the appearance of slightly enhanced hybridization
signals at equal migration positions to those observed in control DNA
for a representative leukemic DNA sample with a moderate amplification.
In another leukemic DNA sample taken from a patient with reduced
platelet <counts, the densitometry sigrals were hicher by an order of
ragnitude and presented several additional short Pvull-cut fragménts.
Yet much higher =<cignals and more ncvel bands of various sizes were
cbserved with a third csarmple, derived from a non-leukemic patient with
a pronounced decrease in platelet counts (thrombocytopenia).

The variable degrees of amplification occurring in the genes
coding for AChE and BuChE in these individuals were quantified by slot
blot DNA hybridization, wusing a 5-fold dilution pattern. Cross-
hybridization between the two cDNA prcbes was exceedingly low (less
than 0.01), demonstrating that the observed amplification events indeed
occurred in each of these genes and did nct merely reflect similarity
in their <seguences. Cne microgram of genomic DNA from the patients
with CHE and ACHE gene amplifications included cg¢enomic ceguences
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AMPLIFIED CHE GENES IN ABNORMAL BLOOD CELLS
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Figure 25. Comparative analysis of representative DNA samples from a
healthy control (C1), a leukemic AML patient with moderate
amplification (LOY4), and a nonleukemic patient with a pronounced
decrease in plat%%?t counts (PO3) was performed by blot hybridization
analysis using P-labelled probes. (A) Blot hybridization with Pvu
II-cut genomic DNA and AChEcDNA probe (Ac) and with EcoRI-cut genomic
DNA and BuChEcDNA (Bt), Optical densitometry of individual lanes from
the Pvu II-treated AChEcDNA-hybridized blot was performed at 545 nm.
(C) Restriction sites for Pvu II and EcoRI on the ¢DNA probes.
Exposure was for six days.
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equivalent to about 0.1 and 0.01 ng of the purified BuChEcDNA and
AChECDNA inserts, respectively. Parallel analysis using similar
guantities of control DNA revealed considerably lower signals with both
probes.

Taking the total complexity of human genomic DNA as 4-10° base
pairs, this implied that at least 40-100 copies of both these sequences
are present in the above DNA. Other examined DNAs featured about 10-
fold 1lower signals with BuChEcDNA, reflecting a more modest
amplification on an order of up to 20 copies per genome (121).
Repeated hybridization of the same blets with a ¢DNA probe coding for a
rat ribosomal protein, a non-related gene for a structural protein,
demonstrated no amplification in all of the examined samples and
similar labelling intensities for both patient and control DNAs.

Altogether, 6 cases of co-amplification within the ACHE and CHE
genes were observed in DNA samples from 20 patients with abnormal
hematocytopoiesis, while DNA from 30 healthy individuals showed neither
amplification nor polymorphism with respect to the restricticn patterns
obtained with these probes. The DNA samples presenting these
amplifications were derived from 4 cases of AML with 10-50 copies of
both ACHE and CHE genes, and 3 cases of platelet count abnormalities.
One expressed excess platelets count and 10-20 copies of the ACHE and
CHE genes, and the two others showed reduction of platelets count and
featured 10-200 copies of the same genes. These striking concomitant
multiplications presented a highly significant correlation (p¢0.001)
between amplification of CHE-encoding genes and the occurrence of
abnormal myeloid progenitor cells or promegakaryocytes in the examined
individuals.
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III. Discussion and Conclusions

III.1. Biochemical implications to sequence similarities within the
cholinesterase family -

Cholinesterases have a catalytic mechanism similar to that known
for the serine proteases (reviewed in ref. 100). In line with the
widely accepted notions that functional similarity reflects common
ancestral genes and that multigene families have developed by gene
duplication and subsequent divergence during evolution (124),
Augustinsson {125) suggested that ChEs are phylogenetically related to
the large family of serine proteases and may be defined as members in
the multigene family of serine hydrolases. The 3 out of 8 match in the
concensus sequences of the catalytic sites of carboxylesterases and
serine proteases, including the invariant serine residue, further
suggested a common origin of these two families (126). Recent molecular
cloning and DNA sequencing studies confirmed the phylogenetic
relationships within the gene families of serine proteases (127) and of
carboxylesterases (128), but left the gquestion of their inter-
relationships open.

Profile analysis of the human AChE amino acid sequence showed no
similarity to any of the 24500 protein sequences in the European
Molecular Biology Laboratory (EMBL) protein data base, with the
exceptions of Torpedo and Drosophila AChEs, human BuChE and bovine Tg.
Human AChE did not specifically show any resemblance of serine protease
sequences. In view of the sequence information deduced from cloned DNAs
for four dGiiferent ChEs, and based on the above-discussed arguments, it
now appears that human AChE joins the other ChE species to form a
limited minigene family that belongs to the larger family of
carboxylesterases type B but appears to be distinct from the other
serine proteases. Our analysis therefore extends and supports the
recent conclusion of Richmeond and colleagues (96) in suggesting that
ChEs cannot be included in a serine hydrolase multigene family.

within the ChE family, the high sequence similarities between
human AChE and BuChE imply that variations and conservations in the
primary amino acid seguence of ChEs may be implicated with distinct
differences in the substrate specificity and sensitivity to selective
inhibitors that were observed for particular types of ChEs. Detailed
analysis of these sequences by site-directed mutagenesis and expression
of the modified genes in heterologous systems may therefore reveal the
key residues in the charge-relay system of ChEs and lead to the
development of improved therapeutic drugs against OP intoxication
(129).

The conmplete amino acid seguence of BuChE reveals come
characteristice which are of interest for understanding the biological
properties of this protein. The first 70 amino acids represent a fully
open reading frame ccntaining a leader peptide which may be cleaved off
in the course of biosynthesis and allows a transmembranous transfer of
the nascent protein during its tranclation and post-translational
processing. However the possibility should be considered that this
peptide rerains in the ccrplete, rature BuChE rmolecule, where it serves
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as a membrane anchor similar to that of the asialoglycoprotein receptor
(106). Further consensus sequences within the BuChEmRNA transcript
reflect the occurrence of glycosylations, taking place within the Golgi
apparatus. The sequence also shows seven cysteine residues, among them

six that are probably implicated in intramolecular S5-5 bonds. The
remaining cysteine could be involved in the inter-subunit S-S5 bond that
covalently binds BuChE catalytic subunits to each other (68). It is

interesting that the AChE sequence is considerably richer in cysteine
residues, which might indicate a different intramolecular folding of
its polypeptide backbone. The serine residue in the active esteratic
site, a major characteristic of the enzyme, has been conserved in all
of the members of the ChE gene family.

Screening of several cDNA libraries from various tissue origins
resulted in the isclation of identical cDNA clones, all coding for
serum BuChE. These were apparently transcribed from the same gene and
were processed similarly in both fetal and adult tissues. These
findings indicate that the human CHE gene, encoding serum BuChE, is
most probably transcribed into a single transcription product in all
tissues. In view of the low number of BuChEcDNA clones in the adult
liver 1library, we cannot as yet exclude the possibility that
alternative splicing is involved in the regulation of this gene in
humans, similarly to its use in AChE production in Torpedo (103,130).
However, our present findings imply that alternative splicing is not
rosponsible for the hetercgeneity cbserved in liver and brain BuChE
forms. In the absence of indications for the involvement of
transcriptional control, post-transcriptional mechanisms can be pursued
as an origin for BuChE heterogeneity. Therfore, oocyte microinjection
experiments were initiated with clone-produced synthetic BuChEmRNA.

III.2. Post-transcriptional regulation of cholinesterase heterogeneity

When injected into Xenopus oocytes, synthetic m=RNA transcribed
from a cDNA encoding human serum BuChE induced the production of a
protein displaying the substrate specificity and sensitivity to
selective inhibitors characteristic of native BuChE, and which
clearly distinguish it from AChE. These results indicate that the
ligand binding specificities of BuChE reflect a property which is
inherent to the primary amino acid seguence of the molecule. The
level of mRNA expression achieved in the oocytes using pure synthetic
message  is relatively 1low, when compared with the 10°-fold
enrichment of BuChEmRNA over that chserved in tissue extracts (43,46).
This suggests that the injected BuChEmRNA 1is encountered with
competing endogenous oocyte mRNA's for the limited number of rough
endoplasmic polysomes in the occyte (47). Alternatively, or in
addition, it may reflect limited distribution of the injected RNA
within the oocyte.

The 10-fold increased 1Cso toward isc-OMPA observed for the
membrane-associated enzyme suggests that interaction with detergent at
the extraction step alters its hydrephobic character, which reduces
its affinity for this OP ligand. Similar alterations occurred when
detergent was added to the soluble ococyte fraction (131r). However, the
¥m for BuSCh does not appear to be altered by detergent association.
The observation that the single mENA tenplate employed directed the
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synthesis, in oocytes, of catalytically active BuChE displaying native
ligand binding affinities could exclude post-translational
modifications as a primary determinant of the 3-dimensional structure
of the active site and suggests that the variable BuChE phenotypes,
like the "atypic" or the fluoride-insensitive serum enzymes, reflect
mutations altering the amino acid sequence of these enzyme forms.
Indeed, blockage of glycosylation by tunicamycin although impairing
transport of the enzyme to the membrane, did not seem to interfere with
its catalytic activity. It should be noted that such changes should
not necessarily occur in the active site region, as indeed is the case
for the “atypic" enzyme (10}.

Taking the average membrane-associated activity as 8.1 umole BuSCh
hydrolyzed/hr/oocyte implies 1.2 b4 10" molecules  BuSCh
hydrolyzed/sec/oocyte. BAssuming a  turnover rate of 1 x 109
molecules/active site/sec (132) implies 1.2 x 10"' catalytic
sites/oocyte in the membrane-associated fraction, or 6 x 10'°® dimeric
BuChE molecules/ococyte. In an oocyte injected with synthetic BuChEmRNA
alone, approximately 2000 sq. microns, or 0.01% of the ooccyte surface
was occupied by high-density immuncreactive ChE molecules (133).
Outside these areas the density of BuChE molecules on the cell surface
is therefore suggested to be below the 1 x 10® molecules/um®
threshold required for detection using immunchistochemical technigues
(134). We therefore assume that the non-flucrescent surface area
contains undetected BuChE molecules evenly distributed at a
concentration 10-fold lower than that found in the immunoreactive
loci. Assuming that the total external surface area of the oocyte
actually includes the theca and follicle cell layers as well as the
enlargement contributed by the micro- and macrovilli of the oocyte and
follicle membranes (135,136) yields a 100-fold enlargement of the total
surface area sequestering BuChE and allows us to consider a factor of
10> in the relative area occupied by undetected as opposed to

immunostained ChE. Therefore, the molecular density of ChE in a
cluster or pa.ch -=. be estimated to be:

6 b 10%° = 2 X 102 (X) + (0.1X)(2000)(10%) or,
(X} "= 3 x 10 molecules/sq. micron

It is interesting to note that both the nicotinic ACh receptor
(134,137) and AChE in neuromuscular junctions and aleng neuronal
dendrites (138, 23, 139) were estimated to be aggregated at molecular
densities within the same order of magnitude. This observation might
indicate that the organization of membrane-bound molecules within the
extracellular surface reflects a precisely regulated physiological
property of the involved subcellular structures which is conserved
through evolution.

Microinjected alone, synthetic  BuChEmRNA induced the
formation of primarily dimeric ChE. This first level of oligomeric
assembly may therefore be spontaneous, c¢r may require a catalytic
mechanism that is already available in the cocyte. It should be noted
in this respect that the detection of emall, but detectable, AChE
activities in Xencpus ococytes (47) and high levels of BuChEmRNA in
human oocytes (86) indicates .that ChE represents a natural endogenous
oocyte protein. The cbservation that tissue-extracted mRNA's induced
higher levels of nulti-subunit ascerbly - possibly including the
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incorporation of non-catalytic subunits - indicates that additional

protein species, not available in the oocyte, are required to direct

the biosynthesis of more complex moclecular forms. Given (hge high

degree of tissue-specific polymorphism cf ChE molecular forms, it is

not surprising to find these «1iditicnal factors expressed in a -
tissuve-specific manner. Nonetheless, the nature and number of these

factors remains to be elucidated.

Supplenentation with tissue mRNAs increased the number and
intensity of patches and clusters, indicating the induction by tissue-
specific factors of enhanced BuChE aggregation at the external surface
of the oocyte. This property of enharced aggregation seems to be
correlated to the appearance of molecular forms containing 4 or more
catalytic subunits, and may reflect the provision of tissue-specific,
membrane-anchoring elements. Such elements were found to be reguired
for the aggregation of both the nicotinic ACh receptor and AChE at the
neuromuscular junction (34,140,141), and it would be intriguing to
reveal whether the situation here is parallel.

Although both brain and muscle mRNA's induced both patches and
clusters, the relative distribution cf each type of formation varied
between oocytes co-injected with mRNA from the two tissue types in a
manner consistent with the organization of ChE in the native tissues
(140-142). Furthermore, the relative staining intensity of clusters
and patches obtained with muscle mRNA gualitatively exceeded that
obtained with brain mRNA. Together, these observations imply a
gualitative and/or quantitative difference between ChE-related mRNA's
in different tissues and that these mRNA pools are capable of
modulating tissue-specific usage of a single BuChEmRNA species.

Several classes of merbrane-anchering elements have been
considered in conjunction with AChE. Considerable evidence implicates
covalently linked glycolipid, most prominently phosphatidylinositol,
as a principal mechanism for the anchorage of globular dimeric AChEs
in plasma membranes (4,143). In &addition, non-catalytic subunits and
proteoglycans have been implicated in  the attachment of ChE to
membranes in the brain (33) and to the basal lamina at the
neuromuscular junction (15,144,145). We do not yet know which of these
mechanisms, if any,'is operative for BuChE in our system. However, the
recent suggestion that alternative mRNA processing is involved in the
membrane attachment of hydrophobic AChE in Tcrpedo (103,146,130) does
not appear applicable here, since a single mature BuChEmRNA induced a
complete array of molecular forms in the oocytes 1including <oluble
and nonesoluble pools.

Taken together, these findings demonstrate that both muscle
and brain express urNAs encoding peptides which: 1) are required for
the biosynthesis of BuChE molecular forms consisting of multiple
dimeric units, 2) may specify the incorporation of non-catalytic
cubunits, 3) direct the formation of a tiscue-specific array of BuChE
nmolecular forms and 4) direct a tissue-specific organizational pattern
of BuChE at the external surface of the injected ococytes.

The conspicuous intracellular accumulation of enzyme induced
by tunicamycin indicates that post-trenslaticnal glycosylation plays

M
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an essential role in the transport of BuChE to the external surface.
The unequal animal-vegetal pole distribution of induced BuChE in the
oocytes indicates an active, polar assyrmetry which has been described
previously for morphological characteristics such as the yolk
platelets or cytoskeletal elements (135,136,147,148) and also for a bd
ri.ernal mRNA localized in the vegetal hemisphere (149). Our present
findings <suggest that the pclar buildup of the occyte cytoskeletal
elements takes an active part in directing newly synthesized proteins
to their ultimate site of association at predefined extracellular
positions in a manner similar to other pclarized cell types (150) and
that the animal pole of the Xenopus oocyte 1is preferentially
designated for deposition of nascent surface-associated proteins.

IITI.3. Immunochemical implications of the similarity and heterogeneity
between cholinesterase forms in various tissues

BuChE represents one member of a family of enzymes. During the
course of this work, we have also examined its relationship to the
other member of this family, AChE, by immunological criteria.

For this purpose, we have used peptides included in the
N-terminal 200 amino acids of human BuChE as an antigen. This
part of the enzyme may be distinguicshed both by 1its particularly
low immunogenicity, as revealed by the computer prediction according

to Chou and Fasman, (110,112), and by its consicerable segquence
homology to other ChEs (5). The cDNA-produced BuChE peptides, having
been produced in bacteria, are not glycosylated. Furthermore,

these polypeptides include cnly part of the cysteire residues forming
the S-S bonds in the complete BuChE molecule, and their tertiary
structure 1is, most probably, different frcm that c¢f the native

pewielit.

We proceeded to elicit ntibodies against these naked,
non-processed peptides, with the following assumpticns in mind:

1. The anti-cloned ChE antibodies rmight have novel properties, not
detected previously, since conventicnal antisera, induced against the
mature, fully folded enzyme, would not include antibodies against the
low immunogenicity N-terminal part of BuChE as major species.

2. Antibodies elicited against +his particular part of the enzyme
would tend to have a low titer to the antigen because of its low
immunogenicity, and might display low affinity because of the complete
lack of processing of these peptides in kacteria.

3. Such antibedies would interact with particular ferms of the
native, non-denatured erzyme cnly if the epitcpes within the N-terminal
polypeptide would be at the exterrnal csurface of the &ntigen molecules
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When tested by immunoblot analysis, the BuChE peptides produced in
bacteria interacted efficiently with antibodies reported to be
cselective for AChE (55,59); vice wversa -- the anti-cloned ChE
antibodies interacted efficiently with the blotted fully denatured
ferms of both BuChE and AChE from blocd. In contrast, their ability
to precipitate the native or even denatured enzyme from solution
was rather poor and with higher specificity towards BuChg, in
agreement with the above-ncted expectations. Even in the presence of a
second antibody, which binds all of the Ig molecules present in the
immunoreaction mixture, an eguivalence zone of 1:80 dilution was
determined. Assuming that the concentration of the antibody in
the eguivalence =zone is <close to the K4, this dilution implies that
the concentration of active antibodies in raw antiserum is about
1x10-7 M. These results could reflect the low immunogenicity of the
N-terminal part of the BuChE molecule, as predicted by computer
analysis.

About 10 to 15% of the total activity could be precipitated under
these dilution ccnditicns. Because the rabbit immunization was
performed with a denatured ChE, produced in bacteria from a cDNA clone,
the specificity of the immunoreaction was also examined in solution
with the denatured purified enzyme, previously labeled by *H-DFP.
The antibedy titer remained equal to that observed with the native
erzyme, confirming that there is a very low concentration of the
specific antibody.

Sucrose gradient centrifugation revealed that the antibodies
interreacted specifically with BuChE tetramers from serum and BuChE
dimers from fetal muscle. They also bound to dimers and tetramers of
AChE from fetal muscle. However, there was no significant binding to
the AChE dimers from the erythrocyte membrane or to tetramers of BuChF
from fetal muscle. The common element to sedimentation peaks which
include ChE rolecular forms that interact with the antibodies is that
they all contain hydrophylic forms. Furthermore, the extent of
precipitation in ruscle extracte could correspond to the fraction of
hycdreghylic forms within these particular peaks. These results
therefore suggest that our polyclonal antibodies are able to recognize
epitcpes that are common to or exposed for immunoreaction, only in
hydrcphylic ChE molecular forms.

The antibody-induced alteration of the cedimentation coefficient
observed in our giadient analyses (2S) was rather low compared
to the values given in the literature (about 3S; 55,58,59,151,56).
This finding as well is in accordance with the low titer of the
antibeody for the serum BuChE, as only 15% of the molecules were
shifted. It is impossible to detect two peaks of reacted and non-
reacted enczyme molecules on a gradient where the standard deviation is
of the same order of magnitude as the shift. In fetal muscle
extracts, the dimer peak alone represents 45% of the total activity;
thus the zwreoperticn of antibody-bound enzyme is higher in this form,
which explains its clearer shift.

In addition to their high efficiency in immunoblots, the
anti-cloned ChE antibedies were also used for labeling the bound enzyme
:n muscle fibers. Several lines of evidence suggest that the regions
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labelled by these antibodies in crushed muscle fibers are indeed
the end plate ones:

1. In all of the fibers analyzed, we never found more than one
labelled region rer fiber, which is in accordance with the
monofocal innervation of human skeletal muscle.

2. The morphology of the binding region, a very simple "plaque,
suggests single gutter structure without secondary foldings, which
corresponds to the premature neuromuscular junctions that one expects
to observe at this developmental stage.

3. In all cases, labeling coincided with intensive cytochemical
staining for ChE activity, as expected for end plate regions. Based on
this evidence, the in situ labeling of slightly fixed crushed fetal
muscle fibers using these antibodies suggests that the N-terminal
part of human BuChE or a peptide highly homologous to it is present in
an immunoreactively exposed form in the fetal junction.

rlthough we cannot conclude whether the in situ binding occurs
with AChE or BuChE, both of which are highly concentrated in end
plate regions, it is interesting to note the correspondence
between immunoreactivity and ChE activity at the neuromuscular
junction.

In conclusion, the experiments performed with antibodies elicited
toward the N-terminal part of BuChE as expressed from cloned cDNA in
bacteria suggest the existence of extensive sequence homology in this
part of human ChE between various forms of AChE and BuChE in
different tissues. Previous reports of the lack of cross-reactivity
between antibodies to AChE and BuChE could hence be explained by the
low immunogenicity in this part of the moclecule or be due to structural
differences between various molecular forms of the enzyme within and
between tissues. It should be noted in this respect that the amino
acid seqguence of human AChE is currently being determined in our
laboratory (9), and that this conclusion has been fully confirmed by
the data tranlated from the ¢DNA coding for AChE.

Cur findings also point out that similarities in substrate
specificity and molecular form composition (such as theose between
BuChE tetramers in blood and BuChE tetramers in fetal muscle) do not
exclude the possibility of ctructural differences between such

hemologous forms. This is in agreement with our recent in  situ
hybridization studies, in which we found three different sites on
human chrenoscmes which carry BuChE ceding seguences (85). Primary

sequence differences would explain the heterologous immurochemical
properties of highly similar ChEs and emphasize the importance of
multigenic origin and post-translational processing to the final
buildup of the pelyrmorphic ChEs in different tissues and body fluids.

I1I.4. Anti-cholinesterase antibodies in hyperthyroid disease may be
implicated in Graves' Ophthalmopathy

The interacticn of the polyclonal antibodies raised against the
N-terminal part of clorned human ChE with Tg clearly demonstrated
that cross-reactivity exists between antibodies to these proteins
in thoir reduced and denatured state. Furthermore, we have
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demonstrated that immunoglobulins from patients with GO will bind to
ChE in a variety of concditions. Anti-ChE antibodies did not always
correlate with anti-Tg activity in the protein blot experiments,
contrary to preliminary results reported using an ELISA in which there
was a strong correlation between the two (69,65). Howgver, 1t 1is
important to note in this respect that the antibodies used in the
present study were raised against a naked, ncn-glycosylated part of
the human BuChE protein,whereas those tested by ELISA were elicited
against the mature, fully glycosylated AChE from Torpedo. It is
notable that binding to Tg was not always detected, even amongst
patients with higher titers of anti-Tg antibodies as measured by
ELISA. It may be that an epitope, recognized by these antibodies,
is either prominent in the clecne-produced part of the human enzyme or
modified in the reducing conditions of the SDS-PAGE.

Not all patients with GO have detectable levels of anti-Tg
antibodies and yet two patients in this study who were anti-Tg negative
by ELISA bound to ChE in a Western blot. These sera may contain
antibodies with a low affinity for Tg but of higher affinity for BuChE.
Consequently,they bind to BuChE cdespite being beyond the 1limits of
detection using Tg.

The immunolocalization studies chow that the binding to ChE
ckserved in patients with GO is not merely an in vitro phenomenon.
Previous attempts to demonstrate antibodies to eye muscle using a
variety of methods, both in vitro (152) and in situ, have been
largely unsuccessful with the exception of Fengitsu et al. (153),
who have shown diffuse cytecplasmic staining using GO sera by
immunoflucrescence.

We have focused oa formaldehyde-fixed end plate regions of
muscle, since the antiserum wused was shown, as detailed above, to
interact with blotted dJenatured ChE and because cholinesterase 1is
present at higher concentraticns in these areas, although some
forms of ChE are also found extraz-juncticnally. In fetal
muscle, the basal lamina is not fully mature, so that ChE 1is more
accessible for antiboedy binding. Clearly the experiment wculd be more
conclusive using extra-ccular rmuscle, although this poses scme
technical difficulty because of the limited quantity of such tissue
available.

If indeed anti-ChE antibodies are implicated with ocular muscle
patholegy, this indicates that ChEs are irportant for the necrmal
developrent and/or functicning cf various cell types. Another aspect of
this ccnclusion 1is reflected in the caces of the H family and the
leukenic DNAs, where armplification of the CEE gene was observed (see
I11.6 and 1I11.7).

II1.5. Expression of cholinesterase genes in haploid genome suggests an
involvement in germ line cells' development and/or functioning

The continuously high expression of AChEmRNA throughout oocyte
development suggests that the enzyme may be required for oocyte growth
an maturation procesces. Inositol 1,4,5-triphcsphate, which mimics
muscarinic response in ¥encpus cocytes (75), triggers the progesterone-
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induced activation of amphibian and starfish oocytes. AChE in Xenopus
oocytes 1is seasonally regulated inversely to the reproductive cycle
(47), similarly to the muscarinic receptors 1in these ococytes (154).
Damage to the entire cascade of the cholinesterase gene family in
nematodes is lethal to the animals (155). Altogether, this may indicate
an involvement of cholinergic responses in the process leading to
meiotic maturation of ococytes in a selected group of antral follicles.
Alternatively, or in addition, the enhanced transcription of ChE genes
in oocytes may reflect the accumulation of AChEmRNA for later use
during the post-fertilization processes, similar to the accumulation of

excess histone mRNAs in developing sea-urchin oocytes (156). This is
in good agreement with recent findings demonstrating transiently
enhanced BuChE activity early in chick embryogenesis (83,84). Finally,

it is possible that AChE is involved in sperm-egg interaction or post-
fertilization mechanisms, as sugge-ed from the cholinergic induction
of polyspermy in sea-urchin cocytes (71). Transfection experiments or
transgenic mice elicitation using ChEcDNA clcnes (43) may assist in the
search for the specific role(s) of AChE in fertilization processes.

The pronounced synthesis of BuChE transcripts in oocytes suggests
that the CHE genes in humans are particularly good candidates for the
formation and re-insertion of inheritable processed genes. Further
characterization of these genes will be reguired to correlate between
specific copies of CHE genes and the particular ChEmRNA transcripts
produced in the developing oocytes.

IIT.6. Hereditary "silent" CHE gene amplification: Putative response to
organophosphorous poisoning?

The role of BuChE in embryonic cells is totally unknown, although
its involvement in cell and growth division has been suggested. This
could possibly indicate that the amplificetion of the CHE gene might
have given a growth advantage to the M.I. embryo, similar to amplified

oncogenes in tumors. However, the nucleotide sequence of the
BuChEcDNA does net resemble any of the known oncogenes or growth
factors. The most likely explanation for the amplification event is

therefore related to the ACh-hydrolyzing activity of BuChE.

In an otherwic2 normal embryo, over-production of nermal BuChE
might interfere with cholinergic function and be lethal to the
developing embryo; in contrast, over-expressed "silent' BuChE would be
less harmful because of its very low catalytic activity while perhaps
improving the resistance of a developing csperm cell, cocyte or
embryo to OP poisoning. vie Lave found that bot of M.I.'s
parents were working in agriculture when H.I. was conceived, being
expcsed to high levels of parathion. when ceomkbined with the
occurrence of a “"silent" CHE gene, such exposure may have created
conditicns under which only the anplification and over-production

of "eilent" BuChE would permit <survival. This event could Dbe
related to the extent of expozure, perhaps explaining why I.T.,
also expreszing the "ecilent" phenotype, does not carry the

amplification.

Cnce the H farmily was discovered, we were interested to find out
whether the anmplification of the "cilent" human CHE gene i< a unique
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phenomenon, particularly since OP poisons are recently being exploited
both as commonly used insecticides and as war agents (6).
In view of the over-expression of BuChE that we observed in brain
tumors (157) &nd the altered properties of BuChE in the serum of
carcinoma patients (158), it is possible that the normal «CHE gene
could also be subject to DNA amplification events. DNA transfection
and trancsgenic mice experiments to examine this point are the logical
route for continuaticon of these experiments. Finally, it would be
important to determine whether repetitive exposure to
organcphosphates (6) provides a selective pressure for gene
amplification at the CHE locus and whether other commonly used chemical
agents have similar effects on a&additional 1loci in man and other
cpecies.

I1I1.7. Correlation of cholinesterase gene amplification with
hemocytopoiesis in vivo

To further search for CHE gene amplification, the postulated
relationship between the family of ChE and hematopoietic commitment
and differentiation was investigated using c¢DNA probes. These probes
detected the presence of multiple copies of the genes coding for AChE
and ChE in 25% of the leukemic DNA samples examined. Amplification of
DNA sequences occurring at specific chromcsomal breakpoints has been
increasingly found in various malignancies (93). In several cases,
these changes were correlated with cellular growth and development
effects (159). One region that is concpicuously altered in leukenias
appears on the long arm of chromosome No. 3 {90-92), where we recently
mapped the CHE genes (85). In the mouse, ChE inhibitors and ACh analogs
induce abnormal proliferation of megakaryocyte progenitor cells, both
in vive (88) and in vitro (89). Taken together, this appeared to
be sufficient to initiate a search for structural changes within the
ACHE and CHE genes in leukemias. Cur findirg of 6 of 20 amplification
events among both genes, in cases of hematocytopoietic abnormalities,
suggests that these apparently unrelated pieces of evidence might be
cennected.

The occurrence of these gene amplificaticn events could reflect a
specific origin of replication within the amplified CHE genes or in an
adjacent oncogene (93,159). Yet another possibility 1is that of the
insertion of a retroviral sequence, followed by the extension of its
amplification into the chromosomal regicn of the CHE genes. The
amplification of the CHE gene on chromosome No. 3 that we recently
found in a family exposed to chrenic doses of parathicn, a potent ChE
inhibitor (122), could be an example for the first opticn. It should be

ncted, however, that in that particular family the CHE gene was the
only one to be amplified (Screg, Frody a&and Zakut, unpublished
obcervation ). Other examples are the <chances in the Ig genes close to

the c-myc ecncogene in Burkitt's lyrmphoma (160) and the emplification of
cellular DNA ceguences at the bourdaries of the insertion site of
polyoma DNA (161).

The co-amplification of the genes coding for bcth AChE and BuChE
in our patients either indicates that these were co-localized at the
canme chromosomal region prior to the amplification event and were
arplified together, or reflects the occurrence of reccmbination events
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between these two genes during the eamplification process.
Alterratively, the ACHE and CHE genes might be independently subjected
to the same selection pressure to be amplified. Amplification of
varicus genes, including co-localized ones, has repeatedly been found
in multidrug-resistant cell lines (162). Chromosomal rearrangement has
also been proposed to facilitate gene amplification in drug-resistant
cells by juxtaposing homclogous cegments (163). In Drosophila, high
frequency of novel recombinational event: was noted for the ace locus,
carrying the structural ACHE gene (164). Precise mapping of the vyet
unlocalized gene(s) coding for human AChE will be required to clarify
this icsue.

Appearance of novel restriction fragments in the pronounced cases
of the ACHE and CHE gene amplifications could be due to overlapping but
nonequal regions of DNA having been amplified in the various
individuals, perhaps reflecting variable origins of replication
resulting from retroviral transposition. Various insertion sites for
amplifiable retroviral sequences have been observed in the human
genome, including a chromoscme 3g site for leukemia virus seguences
(165) close to the location of the CHE genes (85). Alternatively, the
different patterns obtained in the various analyzed DNAs could reflect
gen~tic alterations in the amplified genes, such as those observed for
the amplified c-myc proto-oncogene in primary breast carcinomas (166)
or those occurring in the dihydrofolate reductase gene in methotrexate-
treated leukemic cells (80).

The possibility should be considered that the amplification of
ChE-encoding genes was induced by continuous exposure to ChE inhibitors
(i.e., OP agricultural insecticides, see II1I.6). The amplification of
the ACHE and CEE genes in leukemias is not a random process, as it does
nct involve irrelevant sequences such as the ribosomal protein gene.
CHE gere amplificaticn could be advantageous to blood cells to which
ChE activities are essential by creating acquired resistance to ChE
inhibitcrs, like the arplification and over-expression of multidrug
resicstance genes (167) and the amplification o0f genes induced by
arsenic (168). To further examine this poessibility, the levels of
expression of the amplified ACHE and CHE genes in hematocytopoietic
discrders will have to be meessured in individuals under «chronic
exposure to COP insecticides.

The putative involvement of ChEs in the etiology of
hematocytcpecietic dicsorders is of particular izmportance, in view of the
multiple reports implicating these enzymes in growth and developrment.
If Chis zre :inceed irmportant for hematocytopoiecis, the mplification
0of rhi-enccding cgenes would be analogcus to other amplifications in
ralicnancies. Examples include that o¢f the genes coding for the
epicdermal c¢growth factor receptor in rmalignant gliomas (169-171), the
arplification cf the neu cncogene in kreast cancer, which is correlated
with relapse and survival (172), and the amplification of N-myc in
neurcblastcoma, associated with the rate of procgress of the disease
thecugh ChEs are not homclogous to oncogenes, we have
y found altered mcdes of their exprecscsion in malignant gliomas
d rmore recently, in the <cera of patients with wvarious
s (158). It would be interesting to reveal whether these
reflect parallel amplificaticn phenomera, giving rmultiple types of

,,
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tumor cells growth advantages.
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IV. Methods

IV.1 cDNA libraries and screening

cDNA libraries prepared in the lambda gt1! vector were obtained
from Dr. P. Lazarrini (Washington, D.C.) and were screened with
selective probes as described (5). Positive clones were sequenced using
the Amersham M13 sequencing kit following the enclosed instructions.
Sequence alignmenc ana anatysis were performed oa an IBEM-XT personal
computer using Beckman's Microgenie software. Dot matrix homology and
hydrophobicity analyses were performed as previously described
(5, 9, 43).

IV.2 In vitro transcription of SP6 ChEmRNA

The full-length c¢DNA coding for human BuChE (43) was inserted into
the pSP64 transcription vector (Promega-Biotek) immediately downstream
from the salmonella bacteriophage promoter (44). In vitro transcription
and capping of pSP64-ChE constructs was essentially according to Krieg
and Melton (44). Briefly, the reaction mixture contained 40 mM Tris-
HC1, pPH 7.5, 6 mM MgClz, 2 mM Spermidine, 0.01% BSaA, 10 mM
Dithiothreitol, 0.5 mM of ATP, CTP, UTP and GTF, 0.5 mM of m”GpppG
(Pharmacia), 100 wug/ml of pSP64-ChE DNA, 1 unit/ul of human placental
RNase Inhibitor (Amerhsam) and 0.2 units/ul of SP6 RNA polymerase
(Amersham). Incubation was at 37°C for 1.5 hr, after which a second
equal portion of RNA polymerase was added for an additional 1.5 hr.
Reaction was stopped by adding DPRF grade DNAse (Worthington) to a
final concentration of 1 unit/ug DNA for 20 min at 37°C. RNA was
extracted twice by phenol:chloroform: isocamyl alcohol and once with
chloroform:isoamyl alcohol. RNA was ethanol-precipitated, pelleted by
10 min centrifugation in an Eppendorf centrifuge, washed with 70%
ethanol and dissolved in sterile double-distilled water. Yields, as
calculated by A-eo {(whcre 1 Az.eo = 40 ug of RNA) were ca. 40 ug
full-length (2500 nucleotides) RNA chains per 20 ug of pSP64-ChE
template.

IV.3 In ovo expression of human BuChk

All protocols for microinjection, homogenization, fractionation,
and ChE activity assays have been described in detail (131,133).
Briefly, stage 6 oocytes from mature frogs were surgically excised and
manually teased from ovarian connective tissue; Capped, Poly (A)-
tailed, synthetic BuChEmRNA was microinjected in 5 ng/ococyte
guantitiies. In co-injection experiments, 25 ng poly {(A)~ RNA/oocyte
was employed.

After an overnight incubation (16hr) at 20®C, the incubation
medium was removed and the oocytes were homogenized in 150 ul/10
oocytes of fresh Barth's medium in a glass-teflon homogenizer. The
total homogenate was centrifuged 10 minutes, 435,000 x g, 4°C in a
Beckman TL100 centrifuge. The supernate was recovered and considered to
reflect the soluble, cytoplasmic fraction. The pellet was resuspended
in 150 wul of 10 mM Tris (pH 7.4), M NaCl, 1% Triton X-100, imM EDTA
and spun for 5 minutes as above. The resultant supernatant was
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recovered and considered to represent the detergent-extractable
fraction. Samples were stored at -20°C.

Cholinesterase activity was measured by monitoring the release of
thiogholine from thioester analogs of acetyl- and butyrylcholine in a
colorimetric assay. Briefly, 5- to 10-ul samples were assaved in 200 ul
final wvolume o¢f O0.1M phosphate buffer (pH 7.0), 0.75 mM substrate
(Iodide salt), 0.5 mM Dithionitrobenzoic acid. Assays were performed in
96-well microtiter plates and A.os was measured at regular 1intervals
in an automatic microplate reader. Sucrose gradient analysis was
performed as described (108,131).

IV.4 Immunochistochemistry
a. Antibodies

Protocols for immunohistochemistry have been publighed (133).
Briefly, Rabbit polyclonal antibodies prepared against Torpedo electric
organ AChE, recently shown to interact specifically with clone-produced
human BuChE peptides (108), were gratefully received from Drs. §. Camp
and P. Taylor (San Diego, California). The antibodies were preadsorbed
for 2 hrs on non-injected oocyte sections to prevent cross-species
interaction with the amphibian enzyme, and diluted 1:100 prior to
incupation with injected oocyte sections.

b. Light microscopy analysis of oocyte sections

Twenty four hours after microinjection the oocytes were fixed for
2 hr in fresh 4% paraformaldehyde in 0.1t M phosphate buffer(phH
7.4). After incubation in graded sucrose (5%, 10%, 20% wt/vol in
100 mM phosphate buffer, pH 7.3), the oocytes were embedded, animal
pole up, in 0.C.T. compound (Tissue-teck), and frozen in 2-methylbutane
cooled to -120°C with liguid nitrogen. 10-um sections were prepared in
a cryotome at -25°C. The sections were collected on glass slides
coated with 4% gelatin, washed twice in PBS/0.1 M glycine and
incubated in PBS/4% goat serum. After an overnight incubation at 4°C
in primary antibody diluted in PBS/ 4% goat serum, the sections
were washed three times in PBS/goat serum and incubated with the
fluorochrome-conjugated second antibody. After three further washes
as above, the sections were mounted on coverslips in Gelmount (BIOMEDA)
non-autofluorescent medium. The sections were observed usin a LEITZ
light-microscope.

In order to evaluate the non-specific binding of second antibody
we have used a phycoprobe-linked second antibody (anti-rabbit IgG H+L
BIOMEDA) which gives a yellow signal when specifically complexed with
the first antibody and a green signal when non-specifically adsorbed
to the oocyte section. The phycoprobe stock solution (1 mg/ml) was
centrifuged five minutes at 12,000 x g, the supernatant was discarded)
and the pellet was dissolved in 0.01M phosphate buffer (pH 7.0) to a
final concentration of 10 ug/ml. Incubations and washes were performed
as described above.
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c. Electron microscopic techniques

Immunogold labeling was performed on 5eum thick crycstat sections.
The same technigue utilized for light microscopy was performed up to
the first antibody incubation, but the PBS/goat serum was replaced by
PBS/1% BSA. After three PBS/BSA washes, the sections were incubated
with 5 nm colloidal gold particles conjugated to protein A (Janssen
Life Sciences Products, Beese, Belgium) for 2 hr. The sections were
washed three times with PBS and fixed in 2.5% glutaraldehyde/0.5%
tannic acid in PBS for 1 hr at 4°C. After washing, the sections were
postfixed in 2% osmium tetrodoxide in 0.1 M phosphate buffer(pH 7.0),
for 30 min at 4°C, dehydrated and embedded in Epon. Ultrathin sections
were cut, poststained 3 min in uranylacetate 50% in acetone and 2 min
in 2% lead citrate, and then observed with a Philips EM 410 electron
microscope. '

IV.5 Cross immunoreactivity studies

Construction and expression of PpEX-ChE plasmids, protein blot
immuoreaction, elicitation and purification of rabbit anti-cloned-ChE
antiserum, erythrocyte ghost preparation, sucrose gradient
centrifugation, and in-situ immunochemistry to muscle tissue have been
described in detail (108).

IvV.6 Analyses of cross-homology between thyroglobulin and
cholinesterase antibodies.

a. Patients

The groups studied were: 1) S patients with Graves'
ophtalmopathy, at least grade 3 according to the American thyroid
association classification and 2) 5 normal individuals. Igs were
prepared by ammonium sulphate precipitation of whole sera.

b. Antigens

Human cholinesterase was used as a recombinant lysogenic protein
produced by a clone isolated from a lambda gt10 library of human fetal
brain mRNA as described (108). Human thyroglobulin, prepared from the
thyroids of patient with Graves' disease by differential
centrifugation, was passed through a Sepharose 4B column to remcve
immunoglobulin, and was gratefully received from Drs. Ludgate and
Vassart, Brussels, together with polyclonal anti-thyroglobulin
antibodies.

c. Dot blots

0.2 ug of tacterial extract containing the ChE protein was dotted
onto nitrocellulose filters which were incubated in the first antibody
at 50 ug/ml in PBS-milk mixutre at room temperature for 75 minutes.
Filters were washed in PBS-milk and incubated with '2°®I protein A
(hmersham 5 x 10 cpm/ml, 35 uCi/mg) in PBS-milk, again for 75 min
at room temperature. Blots were extensively washed and subjected
to scintillation counting. Results are expresced as cpm
after substracting the value obtained using non-recombinant plasmid
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proteins. Immunoblots of gel electrophoresed proteins were performed
as detailed above.

IV. In vivo CHE gene amplification measurements

Serum ChE activity measurements, DNA blot hybridization, and dot
blots were performed as described (122, 43). In situ gene mapping by
hybridization to spread chromosomes has been described in detail (85).

IV.8 Co-amplification in peripheral blood cells

Methods have been published (121). Briefly, blcod samples were
drawn in 13.3 mM EDTA (pH 7.5) from seven patients suffering abnormal
platelet counts and leukemia. Blood DNA from 30 apparently healthy
individuals served as controls. For hybridization experiments, ten
micrograms of purified DNA were digested to completion with various
restriction enzymes and electrophoretically separated on 1.2%
horizontal agarose gels. DNA was transferred to GeneScreen membranes
(NEN, DuPont). Filters were subjected to hybridization with [?*%P]-
labelled AChE or BuChE ¢DNA (5 X 10°® dpm/ug). All other protocols
were as previously described (122).




Page 39

References

Whittaker, M. (1986). Cholinesterase: Monographs in Human
Genetics, Vol. 11 (Basel: Karger).

Massoulie, J., and Bon, S. (1982). The molecular forms of
cholinesterase and acetylcholinesterase in vertebrates. Ann.
Rev. Neurosci. 5, 57-106.

Silver, A. (1974). The Biology of Cholinesterases,
(Amsterdam: North Holland Pub. Co.).

Silman, I., and Futerman, A.H. (1987). Modes of attachment of
acetylcholinesterase to the surface membrane. Eur.J.Biochem.
170, 11-22.

Soreq, H., and Gnatt, A. (1987). Molecular biological search
fer human genes encoding cholinesterases. Molecular
Neurobiology 1, 47-80.

U.N. Security Council, (1984). Report of specialists
appointed by the Secretary General. Paper S/16433.

Koelle, GB (1972). Anticholinesterase agents. in: Goodman, LS
and Gilman, A. Eds. McMillan, NY, pp. 445-466.

Aldridge, WN, Reiner, E (1972). Enzyme inhibitors as
substrates. Amsterdam: North Holland Pub. Co.

Soreq, H. and Prody, C.A. (1988). Sequence similarities
between human acetylcholinesterase and related proteins:
Putative implications for therapy of anticholinesterase
intoxication. In: Computer assisted modeling of receptor-
ligand interactions, theoretic aspects and application to
drug design. Golombek, A.& Rein, R., Eds. Alan & Liss, N.Y.,
in press.

Lockridge, 0., and La Du, B.N, {(1986). Amino acid seguence of
the active site of human serum cholinesterase from usual,
atypical and atypical-silent genotypes. Biochem. Genet. 24,
485-498.

Rustin, L., and Berry, W.K. (1953). Two selective inhibitors
of cholinesterase. Biochem. J. 54, 6395-700.

Couteaux, R. (1855). Localization of cholinesterases at
neurcmuscular junctions. Int. Rev. Cytol. 4, 335-375.

Couteaux, R., and Taxi, J. (1952). Recherches Histochimiques
sur la distribution des activites cholinesteratiques an
niveau de la synapse myoneurale. Arch. Anat. Microscop.
Morphol. Exp. 41, 352-392.

v.‘llI--I-Illl-IlIIIIllIIllllIlIIlllIllIIllIllIlll;lllllllillllllllllli




14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Pége 40

Alles, G.A., and Hawes, R.C. (1940). Cholinesterases in the
blood of man. J. Biecl. Chem. 133, 375-390.

Dreyfus, T.A., Rieger, F., and Pincon-Raymond, M. (1983).
Acetylcholinesterase of mammalian neurc-muscular junctions:
Presence of tailed asymmetric acetylcholinesterase in
synaptic basal lamina and sarcolemma. Proc.Natl.Acad.Sci.USA
80, 6698-6702.

Rakonczay, Z., & Brimijoin, S., (1988) Biochemistry and
pathophysioclogy of the molecular forms of cholinesterases.
In: Subcellular Biochemistry 12, Harris, J.R., ed. Plenum
Press, N.Y. pp. 335-378.

Davies, R.O., Marton, A.V., and Kalow, W. (1960). The action
of normal and atypical cholinesterase of human serum wupon a
series of esters of choline. Can. J. Biochem. Physiol. 38,
545-551.

Silman, I., and Dudai, Y. (1975). Molecular structure and
catalytic activity of membrane-bound acetylcholinesterase
from Electric organ tissue of the Electric Eel. In
cholinesterases and cholinergic receptors, Reiner, E. ed
(Zagreb: Croatica Chemica Acta), 181-200.

Rosenberry, T.L. (1975) Acetylcholinesterase. Adv. Enzymol,
43: 103-218.

Rosenberry, T.L., and Richardson, J.M. (1977). Structure of
18 & and 14 S acetylcholinesterase. Identification of
collagen-like subunits that are linked by disulfide bonds to
catalytic subunits. Biochemistry 16, 3550-3558.

Anglister, L., and Silman, I. (1978). Molecular structure of
elongated forms of electric eel acetylcholinesterase. J. Mol.
Biol. 125, 293-311,

Nicolet, M., Pincon-Raymond, M., and Rieger, F. (1986).
Globular and asymmetric acetylcholinesterase in frog muscle
basal lamina sheaths. J. Cell Biol. 102, 1-7.

Barnard, E.A. (1984). Multiple molecular forms of
acetylcholinesterase and their relationship to nmuscle
function. In Cholinesterases: Fundamental and Applied Aspects
- Proc. 2nd International Meeting on Cholinesterases, Bled,
Yugoslavia, Brzin, M., Barnard, E.A., and Sket, D., eds. de
Gruyter, Berlin, pp. 49-~71.

Hall, Z.W. (1973). Yultiple forms of acetvlcholinesterase and
their distribution in endplate and non-endplate regions of
rat diaphragm muscle. J. Neurobiol. 4, 343-361.

Zakut, H., Matzkel, A., Schejter, E., Avni, A., and Soreg, H.
(1985). Polymorphism of acetylchclinestersse in discrete
regicns of the develcping human fetal krain. J. Neuvochem.
45, 382-389.




26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 41

Lyles, J.M., Silman, I., Di Giamberardino, L., Couraud, J.Y.,
and Barnard, E.A. (1982). Comparison of the molecular forms
of the cholinesterases in tissues of ncrmal and dystrophic
chickens. J. Neurochem. 38, 1007-1021.

Toutant, J.p., Massoulie, J., and Bon, S. (1985).
Polymorphism of pseudocholinesterase in Torpedo marmorata
tissues: Comparative study of the catalytic and molecular
properties of this enzyme with acetylcholinesterase.
J.Neurochem. 44, 580-592.

Tsim, K.W.K., Randall, W.R., and Barnard, E.A. (1988).
Monoclonal antibodies specific for the different subunits of
asymmetric acetylcholinesterase from chick muscle.
J.Neurochem. 51, 85-104.

Morel, N., and Dreyfus, P.A. (1982). Association of
acetylcholinesterase with the external surface of the
presynaptic plasma membrane in Torpedo electric organ.
Neurochem. Int. 4, 283-288.

Futerman, A.H., Low, M.G., and Silman, I. (1983). A
hydrophobic dimer of acetylcholinesterase from Torpedo
californica electric organ is solubilized by
phosphatidylinositol-specific phospholipase C. Neurosci.
Lett. 40, 85-89.

Futerman, A.H., Low, M.G., Hichaelson, D.M., and Silman, 1I.
(1985). Solubilization of membrane-bound acetylcholinecterzse
by a phosphatidylinositol-specific phospholipase C. J.
Neurochem. 45, 1487-1494.

Garcia, L., Verdiere-Sahugue, M., Dreyfus, P.A., Nicolet, M.,
and Rieger, F. (1988). Association of tailed
acetylcholinestcrace to lipidic membranes in mammalian
skeletal muscle. Neurochem.Int. 13, 231-236.

Inestrosa, N.C., Roberts, W.L., Marshall, T.L., and
Resenberry, T.L. (1987). Acetylcholinesterase from bovine
caudate nucleus is attached to membranes by a novel subunit
distinct from those of acetylcholinesterases in other
tissues. J. Biol. Chem. 262, 4441-4444.

Anglister, L., and McMahan, U.J. (1985). Basal lamina directs
AChE accumulation at synaptic sites in regenerating muscle.
J. Cell Biol. 101, 735-743.

Ralasubramanian, A.S. (1984) Have cholinesterases more than
one function? Trends in Biochem. Sci. 9, 467-468.

Toutant, J.-.P., and Massoulie, J. (19€8). Cholinesterase II-
Ticssue and cellular distribution of the molecular forms and
their physioclogical regulations. In The cholinergic synapse.
Handbook of experimental Fharmacclogy., Whittaker, V.P. ed,
Spriger.




37.

38.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Page 42

Ott, P., Lustig, A., Brodbeck, U., and Rosenbusch, J.P.
(1982). Acetylcholinesterase frem human erythrocyte
membranes: Dimers as functional units. FEBS Lett. 138, 187-
189.

Ott, P., Ariano, B.H., Binggeli, Y., and Brodbeck, U. (1983).
A monomeric form of human erythrocyte membrane
acetylcholinesterase. Biochim. Biophys. Acta 729, 193-199.

Rieger, F., Chetelat, R., Nicolet, M., Kamal, L., and
Poullet, M. (1980). Presence of tailed, asymmetric forms of
acetylcholinesterase in the central nervous system of
vertebrates. FEBS Lett. 121, 169-174,

Atack, J.R., Perry, E.K., Bonham, J.R., Candy, J.M., and
Perry, R.H. (1986). Molecular forms of acetylcholinesterase
and butyrylcholinesterase in the aged human central nervous
system. J. Neurochem. 47, 263-277.

Chubb, w., Goodman, S., and Smith, A. (1976). Is
acetylcholinesterase secreted from central neurons into the
cerebro-spinal fluid?. Neuroscience 1, 57-62.

Dreyfus, P.A., Verdiere, M., Goudou, D., Garcia, L., and
Rieger, F. (1985). Acetylcholinesterase in mammalian skeletal
muscle and sympathetic ganglion cells. Extra and

intracellular hydrophilic and hydrophobic asymmetric forms.
In Molecular basis of nerve activity, Changeux, Hucho,
Maelicke, and Neumann eds. Walter de Gruyter, Berlin, pp.
729-739.

Prody, C., Zevin-Sonkin, D., Gnatt, A., Goldberg, 0., and
Soreg, H. (1987). Isolation and characterization of full
length c¢DNA clones for cholinesterase from fetal human
tissues. Proc. Natl. Acad. Sci. USA ,84, 3555-3559.

Krieg, P.A., and Melton, D.A. (1984). Functiona)l messenger
RNAs are produced by SP6 in vitro transcription of cloned
CDNAs. Nucleic Acids Res. 12, 7057-7070.

Soreq, H., Parvari, R., and Silman, I. (1982). Biosynthesis
and secretion of catalytically active acetylcholinesterase in
Xenopus oocytes microinjected with mRNA from Torpedo electric
organ. Proc. Natl. Acad. Sci. USA 79, 830-834.

Soreqg, H., Zevin-Sonkin, D., and Razon, N. (1984). Expression
of cholinesterase gene(s) in human brain tissues:
Translational evidence for multiple mRNA species. EMBO J. 3,
1371-1375.

Soreg, H. (1985). The biosynthesis of biologically active
proteins in RNA microinjected Xenopus oocytes. CRC critical

Reviews in Biochemistry 18, 199-238.

Mishina, M., Kurosaki, T., Tobimatsu, T., Morimoto, Y., Noda,




49.

50.

51.

52.

53.

54.

55.

57.

Page 43

M., Yamamoto, T., Terao, M., and Lindstrom, J. (1984).
Expression of functional acetylcholine receptor from cloned
cDNAs. Nature 307, 604-608.

Barnard, E.A., Miledi, R., and Sumikawa, K. (1982).
Translation of exogenous messenger RNA coding for nicotinic
acetylcholine receptors produces functional receptors in
Xenopus ococytes. Proc. R. Soc. London B215, 241-248.

Houamed, K.M., Bilbe, G., Smart, T.G., Constanti, A., Brown,
D.A., Barnard, E.A., and Richards, B.M. (1984). Expression of
functional GABA, glycine, and glutamate receptors in Xenopus
oocytes injected with rat brain mRNA, Nature 310, 318-321.

Dascal, N., Snutch, T.P., Lubbert, H., Davidson, N., and
Lester, H.A. (1986). Expression and modulation of voltage
gated calcium channels after RNA injection in Xenopus
oocytes. Science 231, 1174-1150.

Rieger, F., Faivre-Bauman, a., Benda, P., and Vigny, M.
{1676). Molecular forms of acetylcholinesterase: Their de-
novo synthesis in mouse neuroblastoma cells. J. Neurcchem. 2,
1059-1063.

Doctor, B.P., Camp, 5., Gentry, M.K., Taylor, §S.S., and
Tayler, P. (1983). Antigenic and structural differences in
the catalytic subunits of the molecular forms of
acetylcholinesterase. Proc. Natl. Acad. Sci. USA 80, 5767-
5771.

Musset, F., Frobert, Y., Grassi, J., Vigny, M., Boulla, G.,
Bon, S., and Massoulie, J. (1987). Mcnoclonal antikodies
against acetylcholinesterase from electric organs of
Electorphorus and Torpedo. Biochim. 69, 147-156.

Marsh, D., Grassi, J., Vigny, M., and Massoulie, J. (1984).
An immunological study of rat acetylcholinesterase:
Cormparison with acetylcholinesterace from other vertebrates.
J. Neurochem. 43, 204-213.

Rakonczay, zZ., and Brimijoin, S. (1986). Monoclonal
antibodies to rat brain acetylcholinesterase: Comparative
affinity for soluble and membrane-acsociated enzyme and for
enzyme from different vertebrate species. J. Neurochem. 46,
280-287.

Mintz, K.P., and Brimijoin, S. (1985). Monoclonal antibodies
to rabbit brain acetylcholinesterase: Selective enzyme
inhikition, differential affinity for enzyme forms, and
cross-reactivity with other mammalian cholinesterases. J.
Neurcchem., 45, 284-292.

Fambrough, D.M., Engel, A.G., and Rosenberry, T.L. (1582).
Acetylcholinesterase of human erythrocytes and neuronuscular
junctions: Hermologies revealed by monoclonal antibodies.
Proc. Natl. Acad. Sci. USA 79, 1078-1082.




60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 44

Scrensen, K., Getinetta, R., and Brodbeck, U. (1982). An
amphiphile-dependent form of human brain caudate nucleus
acetylcholinesterase: pPurification and properties. J.

Neurochem. 39, 1050-1060.

Brimijoin, S., Mintz, K.P., and Rlley, M.C. (1983).
Production and characterization of separate monoclonal
antibodies to human acetylcholinesterase and

butyrylcholinesterase. Mol. Pharmacol. 24, 513-520.

Lappin, R., Lee, 1., and Lieberburg, I.M. (1987). Generation
of subunit specific antibody probes for Torpedo
acetylcholinesterase : Cross-species reactivity and use of
cell free translations. J.Neurobiol. 18, 75-99.

McTiernan, C., Adkins, S., Chantonnet, A., Vaughan, T.A.,
3artels, C.F., Kott, M., Rosenberry, T.L., and La Du, B.N.
{1987). Brain <c¢DNA <clone for human cholinesterase. Proc.
Natl. Acad. Sci. USA 84, 6682-6686.

Schumacher, M., Camp, S., Maulet, Y., Newton, M., MacPhee-
Quigley, K., Taylor, §S.S., Freidmann, T., and Taylor, P.
(1386). Primary structure of Terpedo Californica

acetylcholinesterase deduced from its cDNA seguence. Nature
319, 407-409.

Mullin, B.R., Levinson, R.E., Friedman, A., Henson, D.E.,
Winand, R.J., and Kohn, L.D. (1977). Delayed hypersensitivity
in Graves' disease and exophthalmos: identification of
thyroglobulin antibodies in normal human orbital muscle.
Endocrinology 100, 351-366.

Tao, T.W., Cheng, P.J., Phan, H., Leu, S.L., and Kriss, J.P.
(1986). Monoclonal anti-thyroglobulin antibodies derived from
immunizations of mice with human eye muscle and thyroid
membranes. J.Clin.Endocrinol.Metab. 63, 577-582.

Kodama, K., Sikolska, H., Bayly, R., Bandy-Dafoe, p., and
Wall, J.R. (1987). Ucse of monoclonal antibodies to
investigate a possible role of thyroglobulin in the
pathogenesis of Graves' ophthalmopathy. J. Clin. Endocrinol.
Metab. 59, 67-84.

MacPhee-Quigley, K., Vedvick, T.S., Taylor, P., and Taylor,
£.5. (188h). Preofile of the disulfide bonds in
acetylcholinesterace. J. Biol. Chem. 261, 13565-13570.

Lockridge, 0., Bartels, C.G., Vaughan, T.A., Wong, C.K.,
Norton, S.E., and Johnson, L.L. (1987). Complete amino acid
seguence of human <cerum cholinesteracse. J. Eiol. Chem. 262,
549-557.

Ludgate, M., Owada, C., Pope, R., Taylor, P., and Vassart, G.
(1986). Crocs-reactivity between antibodies to human
thyroglobulin and Torpedo acetylcolinesterase in patients
with Graves' ophthalmopathy. J. Endocr. Invet. (abstract) §
supp3, 89.




(W8]

(@%]

Page 45

Eusebi, F., Mangia, F. and Alfei, L. (1979) &Acetylcholine-
elicited responses in primary and secondary m-mmalian oocytes
disappear after fertilization. Nature 277, 651-653.

Rama Sastry, B.V., and Sadavongvivad, C. (1979). Cholinergic
systems in non-nervous tissues. Pharmacological reviews 3C,
65-132.

Eusebi, F., Pasetto, N. and Siracusa, G. (1984) Acetylcholine
receptors in human oocytes. J. Phsiol. (Lond.) 346, 221-350.

Kusano, K., Miledi, R. and Stinnakre, J. (1977) Acetylcholine
receptors in the ococyte membrane. Nature, 270, 739-741.

Dascal, N., Landau, E.M. and Lass, Y. (1984) Acetylcholine
promotes progesterone induced maturation of Xenopus oocytes.
J. Physiol (Lond.) 352: 551-574.

Oron, Y., Dascal, N., Nadler, E. and Lupu, M. (1985) Inositol
1.4,5 - triphosphate mimics muscarinic repcnse in Xenopus
oocytes. Nature 313: 141-143.

Flcrmann, H.M. and Storey, B.T. (1981) Inhibition of in vitro
fertilization cf mouse eggs: 3-quinciclidinylbenzilate
specifically blocks penetration of zonae pellucidae by mouse
spermatozoa. J. Ecp. Zool., 216, 159-167.

Gundercen, C.B. and Miledi, R. (1985) Acetylcholinesterase
activity of Xenopus laevis oocytes. Neuroscience, 10, 1487-
1495.

Edwards. R.G. (1983) Chromosomal abnormalities in hvman
erbryos. Nature 303: 283-286.

Stark, G.R.

(1986). .NA amplification in drug resistant cells
and turmecrs. Canc

er Surv. 5, 1-23.

Schirke, R.T. (1684). Gene &r, .iIfication in cultured animal
cells., Cell 37, 705-713.

Hcdgkin, W.E., Giblett, E.R., Levine, H., Bauer, W., and
Motulesky, A.G. (196%). Complete pseudocholinesterase
deficiency: gernetic and immunoiogical charactersization.
J.Clin.Invest. 44, 486-493.

Drews, E. (197%). Chcliinezterace in erbrycnic develcpment.
Frog. Histochem. Cytochkem. 7, 1-52.

Layer, F.G., end Sporng, 0. (1987). Spatictemporal
relaticnship f exbrvonic cholirecteraces with cell
prolxferat:icon in chicren brain and eye. Froc. Katl. kcad.
Sca. USSR B4, TE4-ZEB




84.

85.

35.

87.

88.

85.

89.

90.

91.

82.

83.

94.

Page 46

Layer, P.G., Alber, R., and Sporns, 0. (1987). Quantitative
development and molecular forms of acetyl- and
butyrylcholinesterase during morphogenesis and synaptogenesis
of chick brain and retina. J. Neurochem. 49, 175-182.

Soreqg, H., Zamir, R., Zevin-Sonkin, D., and Zakut, H. (1987).
Human cholinesterase genes localized by hybridization to
chromosomes and 16. Hum. Genei. 77, 325-328.

Soreq, ., Malinger, G., and Zahat, H. (1987). Expression of
cholinesterase genes in human oocytes revealed by in-situ
hybridization. Human Reproduction 2, 689-693.

Paulus, J.P., Maigen, J. & Keyhani, E. (1881) Mouse
megakaryocytes secrete acetylcholinesterase. Blood 58, 1100-
1106.

Burstein, S.A., Adamson, J.W. & Barker, L.A. (1980)
Megakaryocytopoiesis in culture: Modulation by cholinergic
mechanisms. J. Cell Physiol. 103, 201-208.

Burstein, S.A., Boyd, C.N. & Dale, G.L. (1985) Quantitation
of megakaryocytopoiesis in 1liguid culture by enzymatic
determination of acetylcholinesierase. J. Cell Physiol. 122,
159-165.

Burstein, S.A. & Harker, L. A. (1983) Control of platelet
production Clin. Haematol. 12 ,3-27.

Bernstein, R., Pinto, M.R., Behr, A. & Mendelow, B. (1982)
Chromosome Abormalities in Acute Nonlymphocytic Leukemia
(ANLT) with Abnormal Thrombopoiesis: Report of threc patients

with a '"new inversion anomaly and a further case of
homologous translocation. Blood 60, 613-617.

Sweet, D.L., Golomb, H.M., Rowley, J.D. and Vardiman, J.M.
(1979) Acute myelogencus leukemia and  thrombocytemia
asscciated with an abnormality of chrmosomes No. 3. Cancer
Genet. Cytogenet. 1: 33-37.

Pintado, T., Ferro, M.T., San Roman, C., Mayayo, M. & Larana.
J.G. (1985) Clinical correlations of the 3g21;g26 cytogentic
anomaly. A leukemic or myelodysplastic synérome with
preserved or increased platelet prcduction and lack of
response to cytctoxic drug therapy. Cancer 55: £35-3541.

Bishop, J.M. (1987) The roclecular cenetics of cancer. Science
235, 305-311.

Precdy, C., Zevin-Scnrin, D., Gnatt, A., ¥och, R., Zisling,
R., Goldkerg, 0., and Screg, H. (168€). Use cf synthetic
oligcdecoxynucleosiide prckes for the :gcolatien cof a human
choliresterase CLIA clcne. J. leurccci. Fec. 16, 25-35.




95.

96.

97.

98.

8%.

100.

101.

102.

103.

—»
[}
84}

Page 47

Hall, LM, Spierer, P (1986). The Ace locus of Drosophila
melanogaster: Structural gene for acetylcholinesterase with
an unusual 5' leader. EMBO J 5: 2949-2954.

Myers, M., Richmond, R.C., Oakeshott, J.G. (1988) on the
origin of esterases. Mol. Biol. Evol. 5, 785-796.

Hopp, TP, Woods, KR (1981). Prediction of protein antigenic
determinants from amino acid seguences. Proc. mvaul. Acad.
Sci. USA 78: 3824-3828.

Craik, CS, Roczniak, S, Largman, C, Rutter, WJ (1987). The
catalytic role of active site aspartic acid in serine
protease. Science 237: 909-913.

Dayhoff, MO, Barker, WC, Hunt, LT (1983). Establishing
hemologies in protein sequences. Methods Enzymol. 91:524-545,

Perry, E.K. (1986) The cholinergic hypothesis-ten vyears on.
Brit. Med. Bull 42, 63-69.

Roskoski, R.J.F. {(1974) Choline acetyltransferase and
acetylcholinesterase: evidence for essential histidine
residues. Biochem. 13, 5141-5144.

Rogers, J. (1985) Exon chuffling and intron insertion in
serine protease genes. Nature 315, 458-459.

Sikecrav, J.L., Kreici, E., and Massoulie, J. (1987). cDNA
sequences of Tcrpedo marmorata acetylcholinesterase: Primary
structure cf the precursor of a catalytic subunit; Existance
of multicle 5'-untranslated regions. EMBO J. 6, 1865-1873.

Carter, P., , JA (1987). Engineering enzyme specilicity
by "substrate-accsisted catalysis"”. Science 237: 394-399.

)

G., Nicklen, S., &and Coulson, A.R. (1977). DNA
ing with chain-terminating inhibitors. Proc. Natl.
SA 74, S463-54€8.

o on
[0}

3oH
n o -~

O o W
m.Q
QoW
« (@

(oI}

joN

[
n

Sgeics, M.ooeand Lodich, H.F. ('386) &n interngl cignal
ceguence: the as:alcclyccpreotein receptor anchor. Cell 44,
177-1€%.
Tcotant, (1G€7). Rcetyl-
cholires Kernny and Turner
elis. Elg- 328
S., Frcedy, C.,
(198€). Cross-
tetween ruma
cTihAa-produced

51, 1BER-18€7.




110.

112.

113.

114,

115.

116.

118.

119.

120.

Page 48

regulates fusion between endocytotic compartments in xenopus
oocytes. Cell 51, 557-568.

Chou, P.Y., and Fasman, G.D. (1978a). A prediction of
secondary structure of - proteins from their amino acid
sequence. Adv. in Enzymol. 47, 45-147,

Devereux, J., Haeberli, P., and Smithies, 0. (1984). A
comprehensive set of seguence analysis programs for the VAX.
Nucleic Acids Res. 12, 387-395.

Chou, P.Y., and Fasman, G.D. (1878b). Empirical predictions
of protein conformation. Ann. Rev. Biochem. 47, 251-276.

Garnier, J., Osgathorpe, D.J., and Rovson, B. (1978).
Rnalysis of the accuracy and implications of simple methods
for predicting the secondary structure of globular prot=ins.
J. Mol. Biol. 120, 97-120.

Kyte, J., and Doolittle, R.F. (1982). A simple model for
displaying the hydropathic character of sequence segments. J.
Mol. Biol. 157, 105-132.

Stanley, K.K., and Luzio, J.P. (1984). Construction of a new
family of high efficiency bacterial expression vectors:
Identification of cDNA clecnes coding for human liver
proteins. EMBO J. 3, 1429-1434.

Soreq, H., Dziegielewska, K.M., Zevin-Sonkin, D., and Zakut,
H. (1986). The wuse of mRNA translation in vitro and in ovo
followed by crossed immunoelectrophoretic autoradiography to
study the biosynthesis of human cholinesterases. Cell. Molec.
Neurobiol. 6, 227-237.

Ludgate, M., Dong, Q., Dreyfus, P.A., Zakut, H., Taylor, P.,
Vassart, G., and Soreg, H. (1989). Definition, at the
molecular level, of a thyroglobulin - acetylcholinesterase
shared epitope : Study of its pathophysiological significance
in patients with Graves' ophthalmepathy. Autoimmunity, in
press.

Malinger, G. (1986) Exprecsion of human cholinesterase genes
in normal and malignant ovarian tissues. Basic Sciences
Thesis, The VWeizmann Inctitute, 1987.

Levanon, D., Lieman-Hurwitz, J., Dafn:, N., Wigderson, M.
Bernstein. Y., Laver-Rudich, Z., Danciger, E., Stein, 0. and
Grener, Y. (19€85) Architecture and aratomy of the chrcmcsomal
locus in human chromosome 21 encoding the CuZn-superoxide
Cclcmutése. ENEO J., 4, 77-84.

Cox, K.H., DelLeon, D.V., &ngerer, L.M. and Angerer, R.C.
(1984) Detection of mRENAs in gea urchin exbryos Ly in  situ
hybridizaticn using asymmetric RIA  probee. Dev.Biol. 101,
4E5-502.

M




121.

122.

123.

124.

125.

126.

127.

128.

129.

—
)
o

—
(P8}
3]

Page 49

Lifson-Lapidot, Y., Prody, C.A., Ginzberg, D., Meytes, D.,
Zakut, H. and Soreq, H. (1989) Co-amplification of human
acetylcholinesterase and butyrylcholinesterase genes in blood
cells. Correlation with various leukemias and abnormal
megakaryocytopoiésis. Proc. Natl. Acad. Sci. USA, 86, 4715-
4719.

Prody, C., Drevfus, P.A., Zamir, R., Zakut, H., and Soreq, H.
(1985). De novo amplification within a "silent" human
cholinesterase gene in a family subjected to prolonged
exposure to organophosphorous insecticide. Proc. Natl. Acad.
Sci. USA 86, 860-864.

Dreyfus, P.A. (1989) Multileveled regulation of the human
cholinesterase genes and their protein products. P.h.D.
Thesis, The Hebrew University of Jerusalem.

Ohno, S (1970). Evolution by gene duplication. Springer, New
York.

Augustinsson, KB (1968). The evolution of esterases in
vertebrates. In: NV Their and J. Roche, eds. Homologous
enzymes and biochemical evolution. Gordon and Breach, New
York. pp. 299-311.

Neurath, H (1984). Evolution of proteolytic enzymes. Science
224: 350-357.

Rogers, J (1985). Exon shuffling and intron insertion in
serine proteacse genes. Nature 315: 458-459.

Hedrich, HJ, Von Deimling, 0 (1987). Re-evaluation of LGV of
the rat and assigrnment of 12 carboxylesterases to two gene
clusters. J. Hered. 78: 92-96.

liocutschen-Dahmen, J., MNoutschen-Dahkmen, M. and Degraeve, N.
(1980) Mutagenicity, carcinogenicity and teratogenicity of
industrial pollutants. M. Kirch-Volders, Ed. Plenum Press,
N.Y. and London pp. 127-203.

Sikorav, J.L., Duval, N., Anselmet, A., Bon, S., Krejici, E.,
Legay, C., Osterlund, M., Reimund, B. and Massoulie, J.
(15€88) Ccmplex alternative splicing of acetylcholinesterase
transcripts in Torpedo electric organ; primary structure of
the precursor o¢f the glycolipid-ancheored dimeric form. The
Exbo. J. 7, 25€3-2993.

Screg, H., Seidman, S., Dreyfus, P.A., Sonkin, D., and Zakut,
H. (1989). Exprescsicn anc Ticsue-specific assembly cf
chcliresterase in CSrémENA-injected oncytes. J. Biel. Chem.,
264, 10E0E-10€13.

Chatcnnet, A. and Lockridge, 0. (1G8&9) Ccrparicson of
bPutyrylcholinesterase and acetylchclinesterazse. Biochem. J.,
in precss




133.

134.

136.

137.

138.

139.

140.

141,

143.

144.

Page 50

Dreyfus, P.A., Seidman, S., Pincon-Raymond, M., Murawsk:, M.,
Rieger, F., Schejter, E., Zakut, H., and Screg, H. (1989).
Tissue-specific processing and pclarized cormpartmentalization
of clone-produced cholinesterase in microinjected Xenopus
oocytes. Molec. Cell. Neurchiol., in press.

Salpeter, M. (1967). Electron microscope radicautography as a
guantitative tool in enzyme cyteochenictry, I. The
distribution of acetylcholinesterase at motor endplates of a
vertebrate twitch muscle. J. Cell Biol. 32, 339-389.

Wischnitzer, S. (1966). The Ultrastructure of the cytoplasm
of the developing amphibian egg. In: Advances in morpho-
genesis, Vol. 5, BAbercrombie, ., and Brachet, J. eds (Acad
Press: New York), pp. 131-179.

Dumont, J.N. (1972). Oogenesic in Xenopus laevis (Laudin) 1.
Stages of ococyte develcpment in lzboratory maintained
animals. J. Morph. 136, 153-180.

Sytkowski, A.J., Vogel, 2., &and Nirenberg, M.W. (1973).
Development of acetylcholine receptor clusters on cultured
muscle cells. Proc. Natl. Acad. Sci. USA 70, 270-274.

Herman, R.K. and Kari, C.K. (1985). Muscle-specific
expression of a gene affecting acetylcholinesterase in the
nematode Caenorhabditis elegans. Cell. 40, 509-514.

Rotundo, R.L. (1987). Biogenesis and reculation of
acetylcholinesterase. In The Vertebrate Neuromuscular
Junction, ed. Alan R. Liss, Inc., New York, pp. 247-284.

Wallace, B.G., Nitkin, R.M., Reist, N.*., Fallon, J.R.,
Moayeri, N.N., and McMahan, U.J. (19€ ). Aggregates of
Acetylcholinesterase induced by acetylcheline-receptor

aggregating factor. Nature 315, 574-577.

Wallace, B.G. (1886). Aggregating factor from  Torpedo
electric organ induces patches containing acetylchcline
receptors, acetylcholinesterase, and butyrylcholinesterase on
cultured myotubes. J. Cell Eicl. 102, 783-7%4.

liollgard, K., Dziegielewska, K.M., Saunder
and Screg, H. (1988). Synthesis and lccal
proteins within cspecific cell types in t
human brain: correlation of nENA

imnunocytochemistry. Dev. Biol. 128, 207-22

, N.R., Zakut, H.,
zation of plasna
e develcping fetal
translation with
1

Fchberts, Ww.L., FKirm, B.H.,

and Resenkerry, T.L. (1887).
Differences in the glycolipid menbrane anchers cf bovine and
human erythrecyte acetylcholinesterzses. Proc. Natl. Acad.

Sci. USA 84, 7817-7821.

Creyfus, P.A., Fr:bcoulet, &., Tran, L.H., and Rieger, F.
(1984). Polymorphien of acetylcholinesterace and identi-
ficaticn of new molecular forms after csedirmentation
analysig. Biol. Cell. 51, 35-42




145.

146.

147.

148.

149.

150.

151,

152.

153.

157.

Page 51

Brandan, E., and Inestrosa, N.C. (1986). The synaptic forms
of acetylcholinesterase bind to cell-surface heparan sulfate
proteoglycans. J. Neurosci. Res. 15, 185-196.

Gibney, G., MacPhee-Quigley, K., Thompson, B., Vedvick, T.,
Low, M.G., Taylor, S.S., and Tayler, P. (1988). Divergence in
primary structure between the molecular forms of
acetylchclinesterase. J. Biol. Chem. 263, 1140-1145.

Palecek, J., Habrova, V., Nedvidek, J., and Romanovsky, A.
(1985). Dynamics of tubulin structures in Xenopus laevis
cogenesis. J. Embryol. exp. Morph. 87, 75-86.

Danilchik, M.V., and Gerhardt, J.C. (1987). Differentiation
of the animal-vegetal axis in Xenopus laevis oocytes. Devel.
Biol. 122, 101-112,

Weeks, D.L., and Melton, D.A. (1987). A maternal mRNA
localized in the vegetal hemisphere in Xenopus eggs codes for
a growth factor related to TGF-Beta. Cell 51, 861-867.

Fuller, S.D., Eravo, R., and Simons, K. (1985). An enzymatic
assay reveals that proteins distined for the apical or
basolateral domains of an epithelial cell line share the sanme
late Gelgi apparatus. EMBO J. 4, 297-307.

Sorensen, K., Brodbeck, U., Rasmussen, A.G., and Necrgaard-
Pedersen, B. (1%87). An inhibitory monoclonal antibody to
human zcetylcholinesterases. Bicchim. Biophys. Acta 912, 56-
62.

Sikorska, H., &and Wall, J.R. (1985). Failure to detect eye
muscle membrane cpecific autoantibodies in Graves'
cphthalmopathy. Er. Med. J. 291, 604-607.

Mengitsu, M., Laryea, E., Miller, A., and Wall, J.R. (1986).
Clinical significance of a new autoantibody against a human
eye ruscle scluble antigen, detected by immunofluorescence.
Clin. Exp. Immuncl. 65, 19-27.

Dascal, 1. and Landau, E.M. (1680) Types of muscarinic
respcnce in Yencpus oocytes. Life Sci. 27, 142-146.

Jchrneon, C.D., kend, J.B., Herman, R.X., Stern, B.p. and
Russell, R.L. (1S£8) The acetylcholinesterase genes of C.
elecans: Identification of a third gene (ace-3) a&and mosaic
rapping of a synthetac lethzl phenotype. Neuron 1, 165-173.

wocdland, H.R. arnd Wilt, F.H. (1980) The functiocnal stability
cf <cea wurchin histone mRlA injected into occvtes of Xencpus
laevis. Dev. Eicl., 75, 1939-204.

Rezcon, N., Soreg, H., Roth, E., Bartal, A., and Silman, I.
(1684). Charecterizaticn cf activities and forme cf
cholinesterazes in human primaery krain tumors. Exp. Neurol.
84, £€81-6€95S




158.

160.

161.

164.

165.

166.

1€7.

—a
(92}
m

2aruvt, H., Even, L., Birkenfeld, S., Malinger, G.
R., and Soreg, K. (1988). Modified prcperties
cholinesterases in primiry carcincmas. Cancer 61,

Page 52

, 2Zisling,
of cerun
727-3.

Stark, G.R. (18986) Gene amplificaticn in drug resistant cells
and in tumores. Cancer Surv. 5, 1-23

Taub, R., Kelly J., Latt, S., Lernoir, G.M., Tantravehi, T.V.,
Tu, Z. & Leder, P. (1984) A ncvel alteraticon in the structure
of an activated c¢-myc gene in a variant t(2;8) Burkitt
lyrmphoma. Cell 37, 511-520.

Baran, N., Lapidot, A. & Mancr, E. (1987) Amplification of
cellular DNA sequences at the bcundaries of the insertion
site of polyoma DNA. Mol. Cell. Biol. 7, 2636-2640.

Beidler, J.L., Chang, T.D., Scotto, K.W., lelera, P.W. &
Spengler, B.A. (1988) Chrcmescrmzl organizaticn of amplified
genes In multidrug-resistant ! rhamster «cells. Cancer
Res. 48, 3179-3187.

Flintoff, W.F., Livingston, E., ©Duff, C. & Waricn, R.G.
(1984) Moderate-level gene earmplificaticn in rmethctrexate-
resistant Chinese amster ovary cells is acccrmpanied by

chromosomal translocaticns at or near the site c¢f the
arplified DHFR gene. Mol. Cell. Eiocl. 4, €38-76.

agoshi, R.N. & Gelbart, W.N, {(1987) Genetics o¢f the ace
locus in Drosorhila melanogzster. Genetics 117, 487-502.
Gusella, J.F. & Wasmuth, J.J. (1887) EGM 9, Repcrt cf the
coemnitte con chromcscomes 3 and 4. Cytcgenet. Cell Genet. 46,
131-146.

Eescet, C., Theillet, C., Licdereau, R., S atcs F., Chzrmpere,
M.B., Crest, J. & Callahan, R. (1%8%) Genectic aliteraticn of
the c¢-myc crotoncogene (KYC) 3in human prirmary breast
carcinoma. Proc. Natl. Acad. Sci. USAa, €3, <E€345-48ZE.
Biedler
expressicen of ¢

Lee, C., Tanzka, N
J.C. ("GEE) Arsenic
Science 241, 79-81.




170.

171.

172.

173.

Fage 53

Libermann, T.A., Nusbaum, H.R., Razon, N., Kris, R., Lax, I.,
Screq, H., Whittle, N., Waterfield, M.D. Ullrich, A.,
Schlessinger, J.(1985) Anplificaticn, erhanced exprecssion and
possible rearrangerens of EGF receptor gene in primary human
brain tumors of glial origin. Nature 313,144-147.

wong, A.J., Bigner, S.H., Bigner, D.D., Kinzler, K.W.,
Hamilton, A.R. & Vogelstein, B. (1987) Increased expression
of the epidermal greowth factor receptor gene in malignant
gliomas is invariably associated with gene amplification.
Prcc. Natl. Acad. Sci. USA 84, 6899-£903.

., Levin, W.J., Ullrich,
+ ceancer: correlation of
tion of the HER-2/Neu

Salmon, D.J., Clark, G.M., Wong,S.G
A. & McGuire, W.L. (1987) Human brezs
relapse and survival with amplifica
oncogene. Science 235, 177-182.

3
i

Schwab, M., Varmus, H.E. & Bishop, J.K. (1685) Human N-myc
gene contrilutes to necplastic transfermsticn of rmummalian
cells in culture. Nature 316, 1€0-163.




